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SECTION  I 


INI  RODUCT  ION 


I Objectives  and  Scope 

As  specified  in  the  Sta'emem  of  Work  of  Contract  F3361  5-73-C-5123, 
the  object  vus  of  the  i o-<-  <ram  are:  (a)  to  determine  the  oil  film 

thickness  in  an  axially -loaded,  angola* -contact  ball  bearing  under  conditions 
typified  by  a despin  mechanical  ssr.ambly  (DMA),  and  (b)  to  define  the  influ- 
ence of  oil  film  thickness  <m  lubricant  and  bearing  performance,  in  long-life 
DMA  systems. 

In  order  to  accomplish  these  objectives,  the  Statement  of  Work  out- 
lines throe  major  tasks,  as  follows: 

Task  I — Development  of  an  experimental  technique  for  film  thick- 
ness measurement  in  slow-spccd,  lightly-loaded  elastohydrodynamic 
contacts. 

Task  II  — Experimental  measurements  of  film  thickness  in  typical 
despin  mechanical  assembly  bearings  operating  in  a space  (vacuum)  envi- 
ronment. 

Task  ill  — Analysis  of  the  influence  of  film  thickness  on  lubricant 
film  performance  and  bearing  life  expectancy  in  a space  (vacuum)  environ- 
ment. 

This  report  is  issued  in  two  parts:  Part  I,  Development  of  Film 
Thickness  Measurement  Technique,  and  Part  II,  Measurement  of  Film 
Thicknesses  in  Vacuum.  Part  I of  the  report,  submitted  in  July  1974  and 
published  in  December  1974,(1)  was  concerned  principally  with  the  work 
done  under  Task  I,  L.e.,  the  development  of  a technique  uniquely  applicable 
to  the  measurement  of  the  oil  film  thickness  *n  angular-contact  hearings, 
as  are  typically  employed  in  DMA's.  It  also  outlined  the  test  plans  for 
Tasks  H and  111.  Part  II  ot  the  report,  submitted  herewith,  will  present  the 
results  of  the  Tasks  II  and  ill  tests,  together  with  further  analysis  of  the 
Task  1 results.  Briefly,  Task  II  involves  film  thickness  measurements  in 
typical  DMA  bearing*  in  a simulated  space  (vacuum)  environment,  and 
Task  lit  entails  selected  long-duration  bearing  test*  in  a simulated  space 
(vacuum)  environment.  The  objectives  of  Task  II  are  to  apply  the  basic 
technique  developed  in  Task  I to  typical  DMA  bearings  nd  to  examine  how  the 
oil  film  thickness  varies  with  lubricant  formulations  and  operating  conditions. 
The  objectives  of  Task  III  are  to  generate  experimental  data  relating  the  oil 
film  thickness  to  bearing  performance  and  to  provide  a realistic  foundation  for 
the  development  of  accelerated  tests  for  bearing  life  prediction. 


Since  this  part  of  the  report  is  a continuation  of  Part  I,  much  of  the 
material  contained  in  P?rt  ' will  not  be  repeated  herein,  but  will  be  sum- 
marized or  referenced  foi  '.he  sake  of  completeness. 

2.  Prior  Accomplishments  — Part  I Review 

Part  I of  this  report  described  the  experimental  and  analytical  work 
performed  on  the  development  of  a technique  to  measure  the  oil  film  thick- 
ness in  an  actual  bearing  operating  in  vacuum.  Preliminary  tests  with  actual 
bearings  showed  thai.  die  technique,  involving  the  measurement  of  the  dis- 
placement of  the  bearing  race  due  to  the  development  of  elastohydrodynamic 
oil  films  at  the  ball- race  conjunctions,  was  feasible.  In  addition  to  these 
preliminary  bearing  tests,  extensive  measurements  of  the  elastohydro- 
dynamic oil  film  thickness  were  made  by  both  the  displacement  technique 
and  the  optical  interference  technique  in  a SwRI  optical  EHD  tester.  These 
measurements  were  made  and  compared  using  six  different  test  oils,  some 
of  which  have  been  employed  in  actual  space  flight  hardware.  These  results 
indicated  a need  for  further  measurements  and  analyses,  which  will  be 
reported  in  Section  111  herein. 


SECTION  II 


TEST  MATERIALS  AND  EQUIPMENT 


1 . Test  Bearings 

The  test  bearings  selected  for  use  in  this  program  were  discussed  in 
Section  II,  Part  I of  this  report.  They  were  manufactured  by  the  Marlin- 
Rockwell  Company  (MRC)  and  are  typical  DMA  bearings,  ABEC-7  grade, 
angular-contact  ball  bearings  with  a counterbo red  inner  race,  100-mm  bore, 
and  a contact  angle  of  26°  ±1°.  The  surface  finish  of  the  balls  in  all  test 
bearings  was  approximately  0.025  fim  (1  fiin.  ).  However,  as  requested  by 
SwRI,  come  bearings  were  to  have  a "standard"  surface  finish  on  the  races 
and  others  were  to  have  a race  surface  finish  approximately  twice  the 
"standard.  " According  to  the  information  supplied  by  MRC,  the  "standard" 
race  finish  was  approximately  0.102  ^ m (4  j^in.  ) transverse  (across  the 
grinding  marks),  and  the  rougher  race  finish  was  approximately  0.204  (jm 
(8  jjin. ) transverse.  This  roughness  variation  was  to  be  employed  to  de- 
termine the  effect  of  surface  finish  on  the  measured  oil  film  thickness  and 
on  the  bearing  life  in  Tasks  II  and  IH. 

Upon  receipt  of  the  test  bearings  from  MRC,  they  were  not  dis- 
assembled, but  were  shipped  directly  to  Ball  Brothers  Research  Corporation 
(BBRC)  for  special  application  of  the  test  lubricants.  When  the  bearings 
were  returned  from  BBRC  to  SwRI,  they  again  were  not  disassembled  prior 
to  being  used  for  testing  in  order  to  minimize  the  possibility  of  contamina- 
tion. Consequently,  it  was  not  possible  to  check  the  surface  roughness  of 
the  bearing  races  until  after  completion  of  the  Task  II  tests  and  after  termi- 
nation of  two  of  the  Task  III  endurance  tests. 

The  post-test  surface  roughness  measurements  were  made  on  one 
"standard"  bearing  and  one  rough  bearing,  using  a Talysurf  surface  finish 
measuring  instrument  equipped  with  a curved-surface  attachment.  These 
measurements  showed  that  the  inner- race  surface  roughness  of  the  rough 
bearing  was  not  much  different  from  that  of  the  standard  bearing.  The 
measurements  were  made  using  two  wave  "cutoff"  lengths..  The  longer 
wave  "cutoff"  length  of  0.  076  cm  (0.03  in. ) gave  an  average  value  over  a 
longer  distance  across  the  bearing  race  and  consequently  included  an  addi- 
tional amount  contributed  by  any  waviness  of  the  surface.  The  wave 
"cutoff"  length  of  0.  025  cm  (0.  01  in, ) was  only  1/3  as  long  and  would 
exclude  much  of  the  waviness,  unless  the  frequency  of  waviness  is  extremely 
high.  It  was  found  that  the  longer  wave  "cutoff"  length  gave  surface  finish 
values  about  3 to  7 times  those  given  by  the  shorter  wave  "cutoff"  length. 
Therefore,  it  is  concluded  that  the  race  surfaces  have  an  appreciable 
amount  of  waviness  that  contributes  to  the  surface  roughness  reading  when 
using  the  longer  wave  "cutoff"  length.  The  values  that  were  obtained  using 
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the  two  wave  ’’cutoff"  lengths  along  with  the  race  surface  finish  values 
furnished  by  MRC  are  as  follows: 


Bearing  Inner-Race  Roughness, 
gm  {(ain.  ) 


SwRI  0.076  cm  wave  "cutoff1  length 
SwRI  0.  02  5 cm  wave  "cutoff"  length 
MRC  information 


Standard  finish 
0.  335  (13.  20) 
0.087  (3.  44) 
0.  102  (4) 


Rough  finish 
0.422  (16.  62) 
0.062  (2.42) 
0.  204  (8) 


As  seen  from  these  data  there  is  a significant  difference  in  the 
values  obtained  by  the  two  organizations.  Further  examination  of  the 
graphic  traces  obtained  by  both  MRC  and  SwRI  when  traversing  the  bearing 
race  surfaces  led  to  the  conclusion  that  the  MRC  values  are  probably  more 
indicative  of  the  true  surface  character.  The  MRC  traces  are  more  con- 
sistent and  uniform  and  do  indeed  show  that  the  amplitude  of  the  stylus 
trace  for  the  rough  bearings  is  about  twice  that  of  the  standard  bearings. 
Consequently  it  was  decided  to  accept  the  MRC  roughness  values  for  the 
purposes  of  the  present,  study. 

Thes  ■■  t:  ' surements  do  show  that  surface  roughness  values 
obtained  at  duferent  laboratories  using  different  measuring  instruments 
can  vary  considerably,  thus  making  it  a very  controversial  subject.  Of 
course  the  width  and  length  of  the  penetrating  stylus  will  also  influence 
the  surface  roughness  information  obtained.  Discrepancies  in  measured 
surface  roughness  va’ues  at  different  laboratories  using  different  mea- 
suring instruments  is  not  new  and  certainly  deserves  further  study  to 
resolve  these  differences. 

Based  on  the  MRC  measured  data,  the  effect  of  ball-race  composite 
surface  roughness  on  the  oil  film  thicknesses  in  EHD  conjunctions  in 
bearings,  which  is  one  of  the  variables  to  be  investigated  in  Task  II  can 
be  made  in  this  study.  Also,  the  three  different  A ratios  (ratio  of  oil 
film  thickness  to  ball-race  composite  surface  roughness)  will  lend  them- 
selves to  analysis  in  the  Task  III  tests.  Derails  of  these  results  will  be 
discussed  in  Sections  IV  and  V herein. 


2. 


Test  Oils 


Six  different  test  oils  were  employed  in  this  program,  with  emphasis 
being  placed  on  several  space-proven  ones.  These  oils  were  supplied  and 
applied  to  the  test  bearings  by  Ball  Brothers  Research  Corporation  (BBRC), 
which  organization  served  as  a subcontractor  to  SwRI  in  this  program. 
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In  addition  to  the  six  test  oils,  data  on  the  elastohydrodynarmc  film 
thickness  behavior  of  a straight  mineral  oil,  SwRI  Oil  B,  obtained  in  a 
previous  SwRI  program,  (^)  are  cited  for  comparison. 

The  properties  of  the  seven  oils  were  discussed  in  detail  in  Section 
II,  Part  I of  this  report,  and  will  not  be  repeated  here. 

3.  Bearing  Test  Rig  and  Associated  Instrumentation 

A cross-section  of  the  bearing  test  rig  is  shown  in  Figure  1 and  a 
complete  parts  list  keyed  to  the  drawing  is  given  in  Table  1.  There  have 
been  a few  modifications  made  to  the  original  design  as  presented  in  Sec- 
tion II,  Part  I of  this  report.  Therefore,  a revised  drawing  and  parts  list 
are  presented  herein  for  the  sake  of  clarity. 

Four  identical  bearing  test  rigs  were  fabricated;  three  were  used  for 
the  long-duration  tests  in  Task  III  and  one  for  the  short-duration  tests  in. 
Task  II.  The  test  bearings  (33)  are  mounted  on  a shaft  (4)  and  axially  pre- 
loaded  by  means  of  the  diaphragm  (7)  which  is  deflected  a selected  distance 
by  the  bearing  preload  ring  (10).  Diaphragm  load/deflection  calibration  was 
determined  by  using  deadweights  and  a dial  indicator.  At  a load  of  890  N 
(200  lb)  the  axial  deflection  is  0.86  mm  (0.0  34  in.  ).  Rotary  motion  is  im- 
parted to  the  shaft  by  means  of  a magnetic  coupling  consisting  of  an  inner 
magnet  (22)  and  an  outer  magnet  (23)  which  is  mounted  on  the  shaft  of  a 
variable  speed  DC  motor  (51).  Mo<-or  speed  is  indicated  by  means  of  a 
magnetic  pickup  activated  by  a 60-tooth  gear  (not  shown  in  Fig.  1)  mounted 
on  the  motor  shaft.  Bearing  temperatures  are  measured  by  means  of 
1/16-in.  diameter  sheathed  thermocouples  (32)  which  contact  the  outer  ring 
of  each  bearing. 

The  technique  employed  for  measuring  oil  film  thickness  >n  loose 
tests  consists  of  measuring  the  axial  movement  of  the  floating  be  iriug  by 
means  of  a linear  variable  differential  transformer  (LVDT).  The  LVDT 
components  consist  of  a core  (14)  attached  to  the  bearing  cartridge  (5)  that 
carries  the  floating  bearing  and  a winding  (20)  that  is  attached  to  the 
retainer  plate  (15). 

For  lubrication,  the  test  bearings  are  initially  coated  with  a film 
of  oil  and  the  bearing  cages  are  impregnated  with  the  same  oil.  Also, 
for  some  tests,  impregnated  reservoirs  (16)  are  installed  within  the 
bearing  chamber. 

A photograph  of  the  three  long -du ration  test  rigs  used  in  Task  III, 
as  attached  to  the  12C0  i / s ion  pump,  is  shown  in  Figure  2.  Much  of  the 
instrumentation  employed  is  also  shown  in  the  photograph.  Figure  3 illu- 
strates a closeup  view  of  one  of  the  test  rigs.  Details  of  the  instrumenta- 
tion and  vacuum  systems  employed  are  given  in  Section  II,  Part  I of  the 
report. 


TABLE  1.  BEARING  TEST  RIG  PARTS  LIST 


Identifying 

No. 


Description 


No. 

Req'd 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 


Bearing  rig  chamber  1 

Inner  housing  1 

1-in.  O.D.  vacuum  tee  1 

Drive  shaft  1 

Bearing  cartridge  1 

Bearing  locknut  1 

Diaphragm  1 

Diaphragm  mounting  ring  1 

Diaphragm  retainer  ring,  outer  1 

Bearing  preload  ring  1 

Bearing  retainer  ring  1 

Diaphragm  retainer  ring,  inner  1 

Mounting  rod,  LVDT  core  1 

LVDT  core,  Hewlet -Packard  585T-050-BM  1 

Retainer  plate  1 

Oil  reservoir  (90*  segments)  4 

Oil  reservoir  mounting  ring  1 

Assembly  retainer  ring  1 

Housing,  LVDT  1 

LVDT  winding,  Hewlet -Packard  585DT-050-BM  1 

6-32  x 1/2  slotted  cap  screw  3 

Magnet,  inner  1 

Magnet,  outer  1 

Vacuum  flange  6 

Vacuum  flange  insert  4 

Vacuum  flange  insert,  modified  2 

Vacuum  feed  through,  lubricant  1 

Vacuum  feed  through,  electrical  1 

Terminal  header,  Latronics  No.  97.  1735  1 

Copper  gasket,  1 -in.  3 

Magnetic  pickup,  Electro  Products  No.  3080  1 

Thermocouple,  1/16  sheath  2 

Test  bearing  2 

Magnet  cartridge  1 

Input  shaft  1 

Magnet  lock  ring  1 

6-32  x 5/8  flat  heat  screw  4 

Thermocouple  compression  fitting.  Omega  SSLK-U6  2 
Adapter,  thermocouple  compression  fitting  2 

1/4-20  x 1 /2  socket  head  cap  screw  3 
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TABLE  1.  BEARING  TEST  RIG  PARTS  LIST  (Coat'd) 


Identifying 

No. 

Description 

No. 

Req'd. 

41 

1 /4-20  x 1-1/4  hexagon  head  cap  screw 

12 

42 

6-32  x 3/4  flat  head  screw 

4 

43 

6-32  x 3/8  flat  head  screw 

36 

44 

1 /4-20  hexagon  nut 

12 

45 

10-32  hexagon  nut 

1 

46 

9/16-18  hexagon  nut 

1 

47 

8-32  x 3/4  flat  head  screw 

6 

48 

10-32  x 3/8  socket  head  set  screw 

2 

49 

9/16  flat  washer 

1 

50 

1/4  lock  washer 

12 

51 

DC  drive  motor,  Bodine  No.  280 

1 

52 

Ferromagnetic  pin 

1 

I 


£ 


} 

■i 
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SECTION  III 

TASK  I — DEVELOPMENT  OF  AN  EXPERIMENTAL  TECHNIQUE  FOR 
FILM  THICKNESS  MEASUREMENT  IN  SLOW-SPEED  LIGHTLY  - 
LOADED  ELASTOHYDRODYNAMIC  CONTACTS 


1.  General 

Section  IV,  Part  I of  this  report  discussed  briefly  the  various  techni- 
ques available  to  measure  the  oil  film  thickness  in  an  EHD  conjunction.  The 
bearing  race  displacement  technique,  which  was  the  one  chosen  to  be  devel- 
oped in  this  program,  was  considered  in  detail,  showing  the  derivation  of  an 
equation  relating  the  total  axial  displacement  of  a dual  bearing  arrangement 
to  the  EHD  film  thicknesses  at  the  ball- race  conjunctions.  Because  of  several 
assumptions  that  were  made  in  the  derivation  of  this  equation,  it  was  deemed 
necessary  to  conduct  certain  experiments  in  Task  I,  in  order  to  ascertain 
the  validity  of  determining  the  oil  film  thicknesses  by  the  displacement  mea- 
surement. Some  of  these  experiments  were  conducted  with  the  SwRI  optical 
EHD  tester,  which  was  also  described  in  Section  IV,  Part  I of  this  report. 

As  noted  in  Part  I of  this  report,  the  optical  measurements  showed 
that  the  central-region  film  thickness  of  SwRI  Oil  B in  pure  rolling  was, 
under  comparable  operating  conditions,  considerably  greater  than  the  central- 
region  film  thicknesses  of  the  other  six  oils  in  pure  sliding.  In  all  seven 
instances,  the  oil  was  supplied  to  the  ball-disk  conjunctions  by  means  of  jets 
in  a "flooded"  fashion.  It  was  thought  that  this  difference  in  central-region 
film  thickness  behavior  might  be  due  to  the  difference  in  thermal  effects 
occurring  in  the  conjunction  inlet  caused  by  pure  sliding  as  against  pure 
rolling.  Accordingly,  it  was  decided  during  this  reporting  period  to  obtain 
additional  film  thickness  measurements  for  the  oils  in  question  under  pure 
rolling  conditions,  and  to  compare  these  results  with  the  previous  results  ob- 
tained in  pure  sliding.  Moreover,  it  was  reasoned  that  if  a thermal  effect 
should  be  observed  in  the  central- region  film  thickness  behavior,  then  a 
similar  effect  would  likewise  be  found  in  the  behavior  of  the  minimum  film 
thickness  at  the  side  lobes  in  the  conjunction.  Therefore,  the  analysis  was 
also  extended  to  the  minimum  film  thickness  behavior. 

In  the  prior  work  performed  at  SwRI,^  a straight  mineral  oil,  desig- 
nated as  SwRI  Oil  B,  was  employed  in  EHD  film  thickness  and  friction  mea- 
surements in  pure  rolling.  The  film  thickness  was  determined  by  the  optical 
interference  technique,  with  a steel  ball  placed  between  two  contrarotating 
glass  disks.  The  ball  diameter  was  varied  three  times:  1.91  cm  (0.  75  in.), 

2.  54  cm  0*00  in.),  and  5.81  cm  (1.  50  in.).  The  load  was  also  varied  three 
times:  13.  3 N (5. 0 lb).  22.  2 N (5.  0 lb),  and  33.  4 N (7.5  1b).  The  sum 
velocity  was  varied  five  times,  from  25.  4 to  127  cm/sec  (10  to  50  ips).  The 
oil  temperature  at  the  conjunction  inlet  was  approximately  27  G (80  F).  and 
was  measured  and  accounted  for  in  the  EHD  calculations. 
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It  was  found  in  this  work  that  the  central- region  and  minimum  film 
thicknesses  obtained  for  the  three  ball  sizes,  three  loads,  and  five  sum 
velocities  could  be  linearly  correlated  by  appropriate  dimensionless  para- 
meters. These  correlations  are  presented  in  Figures  4 and  5,  and  the  appro- 
priate dimensionless  equations  are  given  below. 

For  the  central-region  film  thickness: 


Hc  = 1.05  2C 


H = — 
c R 


Sc  = 


(G  Ut) 


0.  74 


.0,074 


For  the  minimum  film  thickness: 


Hm  = °‘  75  Sm 


where 


"-•t 


.0.  70  I7  0.  77 
' ut 

0. 14 


The  various  symbols  employed  in  the  above  equations,  and  throughout 
this  report,  are 

Hc  s dimensionless  central -region  film  thickness,  defined  by 
Eq.  (2) 

H a dimensionless  minimum  film  thickness,  defined  by 
Eq.  (5J 


2^  a dimensionless  material-velocity-load  parameter  for 
central -region  film  thickness  correlation  for  circular 
conjunctions,  defined  by  Eq.  (3). 


Figure  4.  Dimension!****  Central-Region  Oil  Film 
Thickness  lor  SwRI  Oil  B in  Pure  Rolling 


Figure  5.  Dimensionless  Minimum  Oil  Film 
Thickness  for  SwR 1 Oil  B in  Pure  Rolling 


= dimensionless  material-velocity-load  parameter  for 
minimum  film  thickness  correlation  for  circular  con- 
junctions , defined  by  Eq,  (6) 

3 central- region  lubricant  film  thickness 

3 minimum  lubricant  film  thickness 

s equivalent  radius  of  curvature  3 (l/Rj  + 

s radius  of  curvature  of  body  1 

3 radius  of  curvature  of  body  2 

* 

3 dimensionless  materials  parameter  3 <*0E 

3 pressure-viscosity  coefficient  of  lubricant  at  conjunc- 
tion inlet  temperature  and  near-atmospheric  pressure 

3 equivalent  elastic  modulus 


I 


v\  a 


r ■>  ? 1 _i 

1 -Vi-  1 -v2£  1 

z:  e.  * e, 

L l 2 J 

Poisson's  ratio  of  body  1 


s Poisson's  ratio  of  body  2 
3 elastic  modulus  of  body  1 


3 elastic  modulus  of  body  2 
3 dimensionless  sum  velocity  a 


*>vt 


U0  s absolute  viscosity  of  lubricant  at  conjunction  inlet 
temperature  and  near-atmospheric  pressure 

V{  3 sum  velocity  ■ Vj  * 

V j m surface  velocity  of  body  1 

V,  ■ surface  velocity  of  body  2 


W#  m dimensionless  load  e -ft 

• 2 

ER 


IS 


p 


load 


It  is  interesting  to  note  that  Eq,  (1)  is  the  same  in  form  as  a correla- 
ting equation  obtained  by  Archard  and  Cowking,^)  whose  numerical  constant 
in  the  equation  was  0.  34  instead  of  1.05  as  determined  here.  Moreover,  Eq, 
(4)  is  identical  in  every  respect  to  a correlating  equation  obtained  by  Westlake 
and  Cameron.  H) 


Figures  4 and  5 for  SwRl  Oil  B and  the  two  cited  references  employing 
other  oils  show  that  the  relationships  between  Hc  and  2^.  and  between  Hjjj  and 
in  pure  rolling  are  essentially  linear  up  to  values  of  2^.  and  2^  of  about 
45  x 10-6.  The  implication  is  that,  with  values  of  2^  or  2Vn  up  to  about 
45  x 10'6,  arty  viscous  heating  effect  in  the  conjunction  inlet  region^)  was 
probably  quit*,  small  if  the  motion  is  pure  rolling.  It  was  noted  in  Part  I of 
this  report  that  the  dimensionless  central-region  film  thicknesses,  Hc,  of  the 
six  different  test  oils  in  pure  sliding,  when  plotted  against  the  dimensionless 
material-velocity-load  parameter,  £ 


c* 


were  less  than  the  Hc  of  SwRI  Oil  B in 


pure  rolling.  Accordingly,  it  appeared  that  the  difference  noted  might  have  been 
due  to  some  unusual  thermal  effect  associated  with  the  sliding  motion.  In  an 
effort  to  resolve  this  question,  additional  tests  in  pure  rolling  were  conducted 
on  some  of  the  test  oils  during  the  current  reporting  period.  A discussion  of 
these  results,  together  with  the  previous  results,  will  now  be  presented. 


2.  Optical  EHD  Film  Thickness  Results 

The  central- region  film  thickness  results,  obtained  in  both  pure 
rolling  and  pure  sliding,  are  summarized  for  four  different  formulations  of 
Apiezon  C oil  in  Figure  6,  for  Apiezon  A {4  antioxidant  + lead  naphthenate) 
oil  m Figure  7,  and  for  Nye  860-2  (+  antioxidant  + lead  naphthenate)  oil  in 
Figure  8.  For  purposes  of  comparison,  the  pure  rolling  data  for  SwRI  Oil  B 
are  shown  in  these  figures  as  dash  lines  up  to  a ^ value  of  45  x 10*6, 
with  the  data  points  omitted  for  the  sake  of  clarify. 


The  data  in  each  figure  are  for  two  loads  of  17.  70  N (5. 48  lb)  and 
54.  78  N (15. 44  lb)  and  one  ball  size  of  2.  54  cm  0 in.).  The  conjunction  inlet 
temperature  for  the  pure  sliding  tests  ranged  between  26.  7 and  57.  8 C (SO  and 
100  F),  whereas  for  the  pure  rolling  test#  it  ranged  between  26. 7 and  28.  4 G 
(80  and  84  F).  The  pure  sliding  data  are  taken  from  Part  X of  this  report.  The 
pure  rolling  data  were  obtained  during  this  reporting  period. 

Referring  to  Figure  6.  the  pure  sliding  data  were  obtained  for  four 
different  formulations  of  Apiezon  G of  very  similar  viscosity  characteristics, 
and  their  ee»t»al-region  film  thickness  behaviors  were  also  similar.  There, 
fore,  pure  rolling  tests  were  made  on  only  one  of  these  formulations.  E5BRC 
56255,  assuming  that  the  other  three  formulations  would  behave  simi- 
larly in  pure  rolling.  It  is  seen  that,  considering  the  experimental 
scatter,  the  pure  rolling  data  for  BBRC  56255  appear  to  lie  somewhere 
between  the  pure  rolling  data  for  SwRI  CHI  B and  the  pure  sliding  data  for  the 


16 


Figure  6.  Dimensionless  Central-Region  Oil 
Film  Thickness  for  Four  Formulations 
of  Apiezon  C 
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Apiezon  C formulations. 

Figure  7 presents  the  pure  rolling  and  pure  sliding  data  for  Apiezon  A, 
which  oil  is  less  viscous  than  Apiezon  C.  Note  that  the  pure  rolling  data  for 
this  oil  appear  to  lie  somewhat  higher  than  the  pure  rolling  data  for  SwRI  Oil 
B. 


Figure  8 shows  the  results  for  Nye  860-2,  an  oil  more  viscous  than 
Apiezon  C.  It  is  seen  that  at  values  of  less  than  45  X 10"^,  the  pure  rolling 
data  for  Nye  860-2  agree  quite  well  with  the  pure  rolling  data  for  SwRI  Oil  B. 
However,  at  higher  values  of  the  linear  Hc  vs.  2^  relationship  begins  to 
break  down,  due  possibly  to  the  increased  viscous  heating  effect  in  the  inlet 
region. 


It  must  be  recognized  that  experimental  errors  are  inevitable  in  this 
type  of  measurement.  Therefore,  it  is  useful  to  compare  all  of  the  results 
together,  in  an  effort  to  see  how  the  data  behave  as  a whole.  This  is  done  in 
Figure  9,  which  combines  the  data  presented  in  the  preceding  figures  by  omit- 
ting the  data  points  for  the  sake  of  clarity.  In  this  figure,  the  long  dashed 
line  is  the  best-fit  line  for  SwRI  Oil  B taken  from  Figure  4.  The  irregularly 
shaped  boxes  show  the  scatter  range  of  data  for  the  six  test  oils  presented  in 
Figures  6 through  8,  with  the  solid  boxes  denoting  the  pure  rolling  data  and 
the  dashed  boxes  denoting  the  pure  sliding  data.  Figure  9 suggests  that  the 
Hc  versus  relationship  is,  in  general,  not  linear  in  either  the  pure  rolling 
or  the  pure  sliding  case,  but  can  best  be  approximated  by  curves  with  pro- 
gressively decreasing  slopes  as  2^  is  increased.  This  general  trend  is  en- 
tirely reasonable,  because  the  viscous  shear  and  thus  heating  effect  in  the 
inlet  region  is  expected  to  become  progressively  more  severe  with  increasing 
Sc.  As  to  the  difference  in  the  magnitudes  of  Hc  between  pure  rolling  and 
pure  sliding,  it  is  apparent  that  the  velocity  profile  across  the  inlet  film  is 
skewed  in  the  sliding  case  but  symmetrical  in  the  rolling  case,  so  that  the 
viscous  shear  effect  is  more  pronounced  in  sliding  and  the  friction  coefficient 
is  higher  in  sliding  than  in  rolling.  lit  other  words,  the  character  and  thus 
magnitude  of  the  viscous  heating  processes  are  different. 

The  general  levelling  trend  of  Hc  at  very  high  values  of  £c,  in  both 
pure  rolling  and  pure  sliding,  is  not  believed  to  be  the  result  of  inlet  "starva- 
tion” in  these  tests.  Ail  these  tests  were  performed  with  the  oil  supplied  by 
jets  to  the  conjunction  inlet  in  a flooded  fashion,  and  thus  starvation  was  not 
likely.  However,  inlet  starvation  could  be  important  in  actual  bearings.  With 
the  DMA  bearings  in  which  the  oil  is  applied  to  the  bails  and  races  as  relatively 
thin  films,  rather  than  by  copious  jets,  starvation  is  far  more  likely. 

During  the  eurrent  reporting  period,  all  previously  obtained  and  re- 
cently obtained  results  were  analyzed  to  yield  the  minimum  oil  film  thickness 
occurring  at  the  side  lobes  in  the  conjunction.  The  corresponding  Hm  versus 
data  fot  pure  rolling  and  pure  sliding  are  presented  in  Figure  10  for  four 
different  formulations  of  Apiezon  C,  in  Figure  11  for  Apiezon  A,  and  in 


20 


□ BBRC  36233  IN  PURE  ROLLING 
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Figure  12  for  Nye  860-2,  along  with  the  pure  rolling  data  for  SwRI  Oil  B.  The 
combined  results  for  the  seven  oils  are  given  in  Figure  13.  It  is  seen  that 
these  results  are  very  similar  in  trends  to  the  Hc  versus  2C  results  presented 
in  Figures  6 through  9,  and  the  trends  can  basically  be  explained  in  a similar 
manner. 


In  conclusion,  the  linear  Hc  versus  2C  and  linear  Hm  versus  2^  rela- 
tionships, as  represented  by  Eq.  (1)  and  Eq.  (4),  respectively,  incorporating 
the  numerical  correlating  constants  as  given  previously  or  as  recommended 
by  other  investigators,  appear  to  be  approximations  depending  upon  the  range 
of  the  dimensionless  material-velocity-load  parameters,  and  2Tm>  covered 
and  also  other  details  of  the  experiments  (such  as  the  possibility  of  inlet 
starvation,  etc.).  Where  a flooded  inlet  can  be  assured,  as  in  the  case  of 
these  experiments,  the  Hc  versus  2^  and  Hm  versus  2^  relationships  appear 
to  be  nonlinear  with  progressively  decreasing  slopes  as  2C  or  2^  is  increased. 
The  nonlinear  trend  appears  to  be  largely  dictated  by  thermal  effects,  and 
apparently  little  influenced  by  the  oil  composition  as  long  as  the  operation  is 
in  the  full  elastohydrodynamic  regime. 
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SECTION  IV 


TASK  II—  EXPERIMENTAL  MEASUREMENTS  OF  FILM  THICKNESS 
IN  TYPICAL  DESPIN  MECHANICAL  ASSEMBLY  BEARINGS 
OPERATING  IN  A SIMULATED  SPACE  ENVIRONMENT 


General 


The  purpose  of  this  task,  as  stated  in  Section  V,  Part  I of  this  report, 
is  to  make  quantitative  measurements  of  oil  film  thicknesses  in  the  EHD  con- 
junctions of  typical  DMA  bearings  operating  in  a simulated  space  (vacuum) 
environment.  As  previously  outlined,  the  measurements  consider  the  follow- 
ing properties  and  operational  variables,  and  their  influence  on  the  formation 
of  an  EHD  oil  film: 


oil  viscosity 


b.  additive  effects 


degree  of  oil  supply  to  tlw  inlet  region 


ball- race  surface  roughness 


temperature 


g.  speed 


It  was  stated  in  Part  I of  this  report  that  there  would  be  no  major 
variations  in  temperature  for  these  Task  II  tests,  with  the  room  temperature 
being  controlled  at  normal  room  conditions  which  would  be  approximately  25  C 
(77  F).  For  the  purpose  of  obtaining  additional  information  from  the  Task  II 
experiments,  the  test  procedure  was  modified  to  include  axial  displacement 
measurements  of  the  tearing  outer  raee  at  three  different  conditions  (pre- 
pumpdown,  initial  after  pumpdown.  and  24  hours  after  pumpdown),  instead  of 
the  original  initial  after  pumpdown  condition  only.  For  the  prepumpdown  and 
initial  after  pumpdown  results,  measurements  were  made  immediately  after 
putting  the  test  hearings  into  motion.  Therefore,  the  bearings  and  oils  were 
at  the  controlled  room  temperature.  For  the  24  hour  after  pumpdown  results, 
the  test  bearings  were  allowed  to  seek  an  .-qumbriuro  temperature  for  normal 
operation  of  the  bearings  running  at  100  rpm.  Thus,  it  was  possible  to  ob- 
serve the  effect  of  temperature,  over  a moderate  range,  on  the  formation  of 
an  EHD  film.  In  other  words,  the  bearings  ran  continuously  at  100  rpm  be- 
tween the  initial  after  pumpdown  and  the  24«hmtr  after  pumpdown  measurements, 
reaching  euuiltbnum  temperatures  for  the  appropriate  test  conditions. 
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The  bearing  test  chamber,  vacuum  chamber,  and  associated  instru- 
mentation that  were  employed  in  this  task  have  been  described  in  detail  in 
Section  II,  Part  I,  and  Section  II,  Part  II  of  this  report  and  will  not  be 
repeated  here. 


•J 


The  modified  test  procedure  for  each  test  in  Task  II  was  as  follows: 
The  bearings  were  installed  in  the  test  chamber  with  the  proper  axial  pre- 
load applied  to  the  bearings.  For  tests  where  lubricant  reservoirs  were 
employed,  the  reservoirs  were  also  installed  in  the  test  chamber  at  this 
time.  After  the  test  chamber  was  attached  to  the  vacuum  system,  but  prior 
to  pumpdown,  the  LVDT  system  was  zeroed  with  the  drive  shaft  not  rotating. 
Then  measurements  of  race  displacement  of  the  outer  race  of  the  floating 
bearing  (forward)  were  rapidly  made  under  steady  operating  conditions  at  a 
base  speed  and  four  speed  levels  of  50,  100,  150,  and  200  rpm.  The  base 
speed  selected  was  the  slowest  that  could  be  attained  that  would  maintain 
a steady  bearing  speed.  This  base  speed  created  a baseline  race  displace- 
ment trace  from  which  the  displacements  at  the  four  other  speed  levels  could 
be  measured;  this  was  necessary  because  of  runouts  in  the  bearings.  All 
bearings,  regardless  of  the  precision  incorporated  in  fabrication,  will 
exhibit  some  wobble  or  axial  runout.  Typical  of  the  axial  runout  measure- 
ments that  have  been  determined  in  this  experimental  program  are  50  X 10"^ 
to  125  X 10"^  mm  (200  to  500  jjin. ) for  two  bearings  axially  preloaded  against 
each  other  and  running  at  speeds  up  to  200  rpm.  These  runouts  are  easily 
detected  and  measured  with  the  LVDT  system  and  are  normally  displayed 
graphically  as  a sine  wave  or  some  variation  thereof.  When  the  pair  of 
bearings,  installed  in  the  test  rig  and  properly  instrumented,  are  rotated 
very  slowly,  this  sine  wave  will  be  generated  and  recorded  using  the  LVDT 
and  associated  instrumentation.  Then  if  the  driving  speed  of  the  bearings  is 
increased,  the  runout  wave  will  be  displaced  from  its  initial  position  by  an 
amount  depending  upon  the  oil  film  thicknesses  generated  in  the  two  bearings. 
The  base  speeds  for  Task  II  tests  performed  varied  over  a range  of  7 to  37 
rpm.  Bearing  torque  and  temperatures  were  also  measured  at  the  four 
speed  levels.  It  was  found  that  the  bearing  temperatures  did  not  change 
measurably  when  obtaining  data  if  they  were  collected  rapidly,  starting 
with  the  base  speed  and  proceeding  through  the  four  speed  levels  in  the  order 
of  increasing  speed.  Also,  it  was  found  that  more  meaningful  EHD  film 
thickness  measurements  were  obtained  by  following  this  increasing-speed 
procedure.  Duplicate  measurements  were  made  for  each  of  the  four  speed 
levels  relative  to  a new  base  speed  measurement.  After  the  prepumpdown 
results  were  obtained,  the  bearing  test  rig  was  stopped  and  the  test  chamber 
was  pumped  down  until  a stable  pressure  was  achieved.  Then  repeat  mea- 
surements of  race  displacement  under  vacuum  conditions  were  performed 
according  to  the  same  procedure  as  outlined  above  for  the  prepumpdown 
measurements.  At  the  conclusion  of  these  initial  after  pumpdown  measure- 
ments, the  bearing  test  rig  was  left  running  at  a constant  speed  of  100  rpm 
for  24  hours.  At  the  end  of  the  24-hour  period,  repeat  measurements  of 
race  displacement,  bearing  torque,  and  bearing  temperatures  were  made 
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exactly  according  to  the  procedure  employed  for  obtaining  the  prepumpdown 
and  initial  after  pumpdown  results.  Again,  duplicate  measurements  were 
obtained.  This  procedure  was  repeated  for  the  two  axial  load  levels.  From 
these  measurements,  the  film  thicknesses  were  determined  using  a computer 
program  which  solves  the  race  displacement  versus  oil  film  thickness  re- 
lationship. Development  of  this  computer  program  and  presentation  of  the 
computed  results  will  be  presented  later. 

Based  on  experiments  discussed  in  Section  IV,  Part  1 of  this  report, 
it  is  concluded  that  the  effects  of  thermal  expansion  are  probably  negligible 
for  the  speud  range  examined  in  the  presen*  program.  Precautions  were 
taken,  however,  when  the  film  thickness  measurements  were  made  in  Task  II, 
to  minimize  any  error  that  could  be  caused  by  thermal  expansion  effects. 

This  was  done  by  obtaining  the  displacement  measurements  as  rapidly  as 
possible  following  a 9peed  change  thus  allowing  a minimum  amount  of  time 
for  any  thermal  expansion  to  occur.  In  addition,  a now  zero  reading  to  ac- 
count for  any  instrument  drift  was  determined  immediately  prior  to  making 
displacement  measurements. 

2.  Development  of  Computer  Program  to  Analyze  Test  Results 


In  Part  I of  this  report,  an  equation  was  developed  to  relate  the  mea- 
sured axial  displacement  of  the  outer  race  of  the  bearing  located  in  the  dia- 
phragm mounting  ring  to  the  EHD  film  thicknesseses  between  the  balls  and 
races  in  the  bearings.  The  equation  as  developed  in  Part  I is 


0.025  0.43837  - sin  arc  cos 


0.02247 
0.025  - 2 h 


+ 2 hc  sin 


arc  cos 


0.02247 


(?) 


where  ALy  is  the  total  axial  displacement  of  the  outer  race  of  the  bearing  in 
the  diaphragm  mount  as  measured  by  the  LVDT  shown  in  Figure  1.  This 
total  displacement  is  the  result  of  the  development  of  EHD  films  at  the  inner 
and  outer  ball-race  conjunctions  in  two  bearings. 

It  was  assumed  in  the  derivation  of  Eq.  (7)  that  the  same  film  thickness 
existed  at  both  the  inner  and  outer  ball- race  contacts  in  both  bearings.  Two 
oversimplifications  are  involved  in  that  assumption.  First,  in  either  bearing, 
the  EHD  film  thickness  at  a ball-outer  race  contact  will  differ  from  that  at 
a ball-inner  race  contact  because  of  geometry  effects.  From  theory  and 
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experiment,  it  is  well  known  that  due  to  better  conformity  of  the  ball  and 
outer  race,  the  film  thickness  will  be  thicker  there  than  at  the  ball-inner 
race  contact.  For  the  bearings  employed  in  the  present  work  this  difference 
amounts  to  about  10  percent.  Second,  due  to  differert  heat  transfer  paths, 
the  operating  temperatures  of  the  two  bearings  in  the  test  rig  can  be  different, 
and  this  affects  the  viscosity  of  the  oil  and  consequently  the  EHD  film  thickness. 
Depending  upon  the  magnitude  of  this  temperature  difference,  the  EHD  film 
thickness  in  one  bearing  can  differ  from  the  EHD  film  thickness  at  the  cor- 
responding location  in  the  other  bearing  by  as  much  as  20  percent.  When  the 
combined  effects  of  geometry  and  temperature  difference  are  considered,  it 
is  felt  desirable  to  account  for  them  when  calculating  the  EHD  film  thicknesses 
in  the  two  bearings  from  the  displacement  measurements.  To  do  this  requires 
a system  of  equations  rather  than  the  simple  c.q.  (7).  Briefly,  the  procedure 
involves  first  solving  an  equation  similar  to  Eq.  (7)  for  the  EHD  film  thickness 
at  the  ball-inner  race  contacts  of  the  aft  bearing.  Then,  using  the  known 
empirical  relationships  for  the  effects  of  geometry  and  viscosity  on  the  EHD 
film  thickness,  the  film  thickness  at  the  hall-outer  race  contacts  of  the  aft 
bearing  and  the  film  thickness  at  the  ball-inner  race  and  ball-outer  race  con- 
tacts of  the  forward  bearing  can  be  calculated. 

Further  complicating  the  task  of  accounting  for  the  effects  of  contact 
geometry  within  a bearing,  and  temperature  difference  between  hearings , is 
the  fact  that,  according  to  theory,  a difference  in  contact  geometry  will  have 
different  effects  on  the  minimum  EHD  film  thickness  and  the  central-region 
EHD  film  thickness.  The  same  is  true  of  the  effect  of  viscosity.  Consequently, 
m order  to  account  for  the  geometry  and  viseosity  effects  on  the  EHD  film 
thicknesses  in  the  bearings,  one  must  assume  that  it  is  either  the  minimum  or 
the  central-region  EHD  film  thickness  that  is  responsible  for  the  displacement 
Af-v.  being  measured.  Unfortunately,  as  was  discussed  In  Fart  l of  this  re- 
port, it  is  not  possible  to  determine  from  the  result#  of  Task  I whether  it  is 
the  minimum  or  central-region  EHD  film  thickness  that  is  responsible  for  the 
displacement.  Therefore,  in  the  reduction  of  the  displacement  data  from 
lasks  !l  and  111,  the  film  thicknesses  in  the  bearings  were  calculated  in  two 
ways,  first  by  using  a syrtem  of  equations  developed  by  assuming  that  AEy  is 
due  to  the  central-region  EHD  film  thiekncss,  and  neat  by  using  a system  of 
equations  developed  by  assuming  that  is  due  to  the  minimum  EHD  film 
thickness. 


Since  the  development  of  the  two  systems  of  equations  for  calculating 
the  EHD  film  thicknesses  from  the  bearing  displacement  data  U rather  detailed 
and  lengthy,  this  is  included  in  Appendix  1.  As  shown  in  Appendix  1,  in  order 
to  avoid  confusing  the  theoretical  values  of  EHD  film  thicknesses,  calculated 
using  the  theoretical  equations  of  Grubin  M and  Dowson  with  the  experi- 
mentally -determined  values  of  the  EHD  film  thicknesses  obtained  from  the 
race  displacement  measurements,  different  symbols  are  used.  In  accordance 
with  the  standard  symbols  used  earlier.  he.  fe  - and  Hr  are  the  symbols 
reserved  for  the  theoretical  central-region,  minimum,  dimensionless  central- 
region.  and  dimensionless  minimum  EHD  film  thicknesses  respectively.  For 
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the  film  thicknesses  determined  from  the  race  displacement  measurement, 
the  symbols  h,  h',  H,  and  hr  are  used  to  denote  the  ninimum,  central- 
region,  dimensionless  minimum  and  dimensionless  central-region  EHD  film 
thicknesses  respectively.  Throughout  the  report,  comparisons  of  the  EHD 
film  thicknesses  calculated  from  the  measured  bearing  displacement  data 
in  these  two  ways  are  compared  with  the  theoretical  equations  of  Grubin  for 
Hc  and  Dows  on  for  H . 

3.  Experimental  Test  Results 

As  discussed  above,  a computer  program  was  developed  to  compute 
the  four  different  conjunction  film  thicknesses  for  the  DMA  bearings  tested 
in  Task  II.  A listing  for  the  Task  II  data  reduction  program  is  given  in 
Appendix  II,  while  a sample  printout  of  the  Task  II  data  is  shown  in  Appendix 
III. 

The  best  available  expression  for  the  central-region  EHD  film  thick- 
ness in  a flooded  isothermal  rectangular  conjunction  is  due  to  Grubin^)  and 
is  given  by 

Hc  - 1.18  {8) 

where  2q  = Grubin's  dimensionless  material-velocity-load  parameter 
for  rectangular  conjunctions 

G°-  73Ut0.  73 
\y  0.  09 

w 

W = dimensionless  load  = -x 

ER 

w = load  per  unit  width 
3nd  the  other  symbols  are  defined  after  Eq.  (6). 

While  the  central-region  EHD  film  thickness  is  important  to  the 
present  study,  the  minimum  EHD  film  thickness  is  also  extremely  important. 
As  is  now  well  known,  the  oil  film  thickness  profile  in  a rectangular  con  • 
junction  is  very  nearly  flat  throughout,  modified  principally  by  a constrict >on 
in  the  exit  region.  This  constriction,  which  is  straight  across  the  flow  path 
for  a rectangular  conjunction,  and  almost  straight  for  a high  aspect  ratio 
elliptic  conjunction,  results  in  a minimum  oil  film  thickness  within  the  con- 
junction, so  that  if  surface-to-surface  contact  is  to  occur,  it  is  apt  to  occur 
here  first.  Thus,  the  importance  of  predicting  the  minimum  EHD  film  thick- 
ness in  a bearing  is  evident. 

Based  upon  theoretical  analyses  and  considerable  experimental 
data,  Dowson  ( recently  proposed  the  following  equation  for  computing  the 
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Kit}' 

Hiv 


IF 


Sr 


p 


where  Sq  = Dowson's  dimensionless  material-velocity-load  parameter 
for  rectangular  conjunctions 
qO.  54^  0*  70 


W 


0.  13 


and  the  other  symbols  are  given  after  Eq.  (6)  and  Eq.  (8). 


Equation  (9)  is  believed  to  be  the  best  expression  available  for 
calculating  the  minimum  filn;  thickness  for  the  rectangular  or  high  aspect 
ratio  elliptic  conjunction  with  flooded,  isothermal  flow. 


When  the  film  thickness  equations  for  rectangular  conjunctions 
are  used  to  calculate  the  film  thickness  in  elliptic  conjunctions,  an  equiva- 
lent load  per  unit  width  (®)  is  used.  For  a bearing  with  elliptic  conjunctions, 
as  in  this  study,  ..he  dimensionless  load  p-  r ball  is  given  by 


W. 


w. 


£r 


(10) 


where  we  = 


equivalent  unit  load  per  ball 


3P 

4a 


P = 


normal  load  per  ball 

a = semiwidth  of  major  axis  of  contact  ellip 
raceway  contact 


se  at  ball- 


and  £ and  R are  as  previously  defined.  Therefore,  the  Wgin  Eq.  (10)  re- 
places W in  both  Eqs.  (8)  and  (9)  for  angular  contact  bearings. 


The  above  equations  were  presented  and  discussed  m detail  in 
Section  II,  Parti  of  this  report  but  were  repeated  here  because  they  were 
used  extensively  in  analyzing  the  Task  II  data.  As  noted,  all  of  the  plotted 
Task  II  experimental  data  that  are  presented  in  the  following  graphs  are 
compared  with  these  equations.  Also,  Eqs.  (8)  and  (9)  were  used  to  calcu- 
late Hc  and  Hm  at  the  base  speed.  These  calculated  values  were  then  added 
to  the  film  thicknesses  determined  from  ALy  to  obtain  H and  H1  plotted  in 
the  following  graphs. 


Since  the  four  different  conjunction  films  for  each  test  condition 
were  calculated  from  a single  displacement  measurement,  ALy,  they  all 
followed  similar  patterns,  although,  the  magnitudes  of  each  would  vary  a 
few  percent.  The  variance  between  inner  and  outer  race  film  thickness  are 
the  result  of  a geometrical  difference  in  the  ball- race  contacts,  whereas  the 
difference  between  aft-  and  forward-bearing  contact  film  thickness  values  are 
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a result  of  temperature  differences  between  the  two  bearings. 

Figure  14  shows  typical  film  thickness  values,  calculated  from  the 
race  displacement  measurements,  for  the  inner  and  outer  contacts  of  the  for- 
ward and  aft  bearings.  The  data  were  obtained  prior  to  pumpdown  for  bear- 
ings treated  with  BBRC  36233.  The  dimensionless  film  thicknesses  H and  H" 
are  plotted  against  the  dimensionless  parameters  and  Iq  respectively, 
which  were  defined  and  discussed  earlier  in  this  section  of  the  report.  As 
can  be  seen  in  the  figure,  the  film  thicknesses  at  all  four  locations  display 
the  same  trends.  Although  there  are  slight  load  effects  shown  by  the  data 
at  the  larger  dimensionless  parameter  values,  a single  straight  line  drawn 
through  the  experimental  data  for  either  H or  H'  would  represent  all  the  data 
very  well.  Of  course, 24-hr  after  pumpdown  results  would  display  variance 
between  the  aft  and  forward  bearings  due  to  temper'  -hire  differences,  but  as 
will  be  seen  later  these  effects  would  be  well  correlated  by  the  dimensionless 
parameters.  Normally,  the  prepumpdown  and  initial  after  pumpdown  results 
would  not  show  an  appreciable  temperature  difference  between  the  aft  and 
forward  bearings.,  while  the  24-hr  after  pumpuown  results  would  exhibit  a 
1 to  4C  (2  to  7F)  temperature  spread.  This  was  not  the  case  for  tests  using 
Nye  860-2  with  antioxidant  and  lead  naphthenate.  Of  all  the  oils  tested,  this 
one  has  the  highest  viscosity.  The  torque  capability  of  the  driving  magnetic 
coupling  was  not  great  enough  to  turn  the  bearings  lubricated  with  this  oil  at 
normal  room  temperature.  Therefore,  heat  lamps  directed  at  the  bearing 
rig  chamber  were  employed  to  raise  the  temperature  enough  to  allow  thinning 
of  the  lubricant  until  some  test  data  could  be  obtained.  Even  then,  it  was  not 
possible  to  turn  the  bearings  at  the  higher  speed  levels. 

Since  as  indicated  in  Figure  14  the  experimental  film  thickness 
data  for  the  four  different  conjunction  locations  behave  similarly,  the  data 
for  all  will  not  be  presented.  The  aft  bearing  outer  race  contact  data  were 
arbitrarily  selected  for  further  analysis  and  comparison,  and  all  of  the 
Task  II  plotted  data  shown  in  the  following  graphs  will  be  values  for  those 
contacts.  For  purposes  of  generality,  all  of  the  film  thickness  data  are 
presented  in  dimensionless  form.  However,  the  dimensional  value  of  film 
thickness  may  be  obtained  by  multiplying  the  dimensionless  film  thickness 
H or  H"  by  the  equivalent  radius  at  the  ball-outer  race  contacts,  R0,  which 
is  8.  84352  mm  (0.  3481  7 in. ). 

A summary  of  all  bearing  tests  for  Task  II  is  presented  in  Table  II. 
As  seen  in  the  table,  a total  of  four  test  series  were  run  and  each  series  was 
designed  to  isolate  the  effects  of  an  oil  property  or  design  variable.  For  each 
test  within  a series,  the  operating  variables  were  load  and  speed.  Two  load 
levels  were  used,  the  minimum  of  222-N  (50-lb)  axial  load,  and  the  maximum 
of  890-N  (200-lb)  axial  load  as  prescribed  in  the  Statement  of  Work.  Only 
two  load  levels  were  selected  because  of  the  extremely  weak  dependence  of  the 
oil  film  thickness  on  load,  as  was  shown  in  the  EHD  film  thickness  equations. 
Because  the  oil  film  thickness  is  more  sensitive  to  the  conjunction  sum  velocity, 
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TABLE  l.  SUMMARY  OF  TASK  II  TESTS 
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four  levels  of  bearing  speed  above  the  base  speed  were  used  for  each  test 
within  a series,  50,  100,  150,  and  200  rpm,  except  for  the  high  viscosity 
oil  where  the  torque  capability  of  the  driving  magnetic  coupling  was  not 
sufficient  to  achieve  the  higher  speeds. 

As  seen  in  the  table,  for  ail  tests  the  environmental  pressure 
in  the  bearing  test  chamber  was  to  be  the  equilibrium  vapor  pressure  of 
the  test  oil.  It  was  found  that  the  vapor  pressure  for  formulations  of  Apiezon 
C,  as  calculated  from  the  vapor  pressure  equation  and  constants  given  in 
Section  II,  Part  I of  this  report,  could  not  be  ac  hieved  even  with  extended 
pumping  time.  On  the  other  hand,  it  was  not  difficult  to  obtain  the  vapor 
pressure  for  Apiezon  A as  predicted  by  this  same  equation.  This  suggests 
that  there  might  be  an  error  in  the  constants  in  the  equation  for  Apiezon  C. 

As  stated  in  Section  II,  Part  I,  the  constants  have  not  been  determined  for 
the  N/e  860-2  oil,  although  limited  weight-loss  data  obtained  from  evapo- 
ration cell  measurements  at  BBRC  indicate  that  its  vapor  pressure  may  not 
be  greatly  different  from  that  of  Apiezon  C.  Also,  as  seen  in  the  table,  for 
all  tests  the  room  temperature  would  be  held  approximately  constant  at  about 
25C  (77F).  Bearing  temperatures  that  varied  moderately  from  25C  (77F), 
especially  in  the  24-hr  after  pumpdown  tests,  were  handled  satisfactorily  by 
the  EHD  film  thickness  equations  showing  no  consistent  disagreement  with 
the  other  data. 

Also  as  seen  in  Table  II,  two  initial  oil  film  thickness  coatings 
on  the  bearings  were  investigated.  These  are  designated  in  the  table  simply 
as  "thick"  and  "thin".  For  the  "thick"  initial  oil  film  tests,  oil  impregnated 
reservoirs  were  installed  in  the  test  chambers.  For  the  "thin"  initial  oil 
film  tests,  no  reservoirs  were  used. 

Each  test  series  shown  in  Table  II  along  with  plotted  data  repre- 
senting that  test  series  will  be  discussed  separately  in  the  following  para- 
graphs. Highlights  of  these  data  will  be  pointed  out  and  conclusions  will  be 
drawn  later  based  on  these  test  results. 

Test  Series  I.  In  this  test  series  the  effect  of  oil  viscosity  on  the 
oil  film  thicknesses  formed  in  the  EHD  conjunctions  of  the  bearings  was 
studied.  Three  separate  tests  were  conducted,  one  with  each  of  three  test 
oils  of  different  viscosities,  a low-,  medium-,  and  a high-viscosity  oil  as 
shown  in  Table  II.  Each  oil  contained  the  same  BBRC  standard  additive 
package,  which  is  1.  5 percent  antioxidant  and  5 percent  lead  naphthenate. 

The  initial  oil  film  thickness  was  "thick  film"  which  was  about  30  X 10’^  to 
40  X 10”  mm.  The  bearings  hud  the  standard  surface  finish  on  the  race- 
ways, hereinafter  referred  to  simply  as  "MRC  standard."  As  discussed 
earlier  in  this  section  of  the  report,  only  part  of  the  high-viscosity  oil 
tests  were  achieved  because  of  the  excessive  torque  required  to  drive  the 
bearings,  especially  at  the  higher  speeds  and  at  normal  room  temperatures. 
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Looking  at  Figures  15,  16,  and  17,  it  is  clear  that  the  measured 
dimensionless  film  thicknesses  increase  with  increasing  viscosities  when 
plotted  against  either  Dowson's  or  Grubin's  dimensionless  parameters. 
Whereas  Grubin's  Eq.  (8)  predicts  a slope  of  1.  18  as  shown  by  the  solid 
curve  drawn  on  the  righthand  graphs  in  each  figure,  a best-fit  line  drawn 
through  the  low -viscosity  oil,  a formulation  of  Apiezon  A,  would  exhibit  a 
slope  that  would  be  considerably  less,  having  a value  of  approximately  0.63. 
Likewise,  as  seen  in  Figure  16,  the  medium-viscosity  oil,  a formulation  of 
Apiezon  C (BBRC  36233),  would  exhibit  a slope  of  approximately  0.  73  and 
as  seen  in  Figure  17,  the  high-viscosi'y  oil,  a formulation  of  Nye  860-2, 
would  have  a slope  approximately  the  same  as  predicted  by  Grubin. 

Going  to  the  lefthand  graphs  shown  in  Figures  15,  16,  and  17,  and  comparing 
the  measured  dimensionless  film  thicknesses,  H,  to  Dowson's  Eq.  (9),  it  is 
seen  that  the  same  trend  is  exhibited.  These  experimental  results  show 
that  both  the  low -viscosity  (Apiezon  A)  and  medium- viscosity  oil  (BBRC 
36233)  have  a slope  less  than  predicted  by  Dowson.  On  the  other  hand,  the 
data  for  these  two  oils  agree  better  with  Dowson's  equation  than  Grubin's 
central-region  film  thickness  equation.  The  experimental  results  for  the 
high-viscosity  oil  (Nye  860-2)  appear  to  have  a slope  slightly  higher  than 
predicted  by  Dowson,  but  agree  very  well  with  Grubin.  Post-test  examination 
of  bearings  show  that  these  three  oils,  as  employed  in  these  tests,  appear  to 
provide  film  thicknesses  adequate  to  place  operation  in  the  full  EHD  regime. 
But  the  plotted  data  indicate  that  only  the  high-viscosity  oil,  Nye  860-2  with 
antioxidant  and  lead  naphthenate,  is  operating  in  the  flooded  conjunction 
regime,  therefore  agreeing  with  the  theoretical  equations.  Although  the 
low -viscosity  and  medium-viscosity  oils  seem  to  have  adequate  oil  film 
thicknesses  to  prevent  asperity  contact,  there  does  appear  to  be  limitt  d 
lubricant  starvation  causing  films  less  than  predicted  by  either  Dowson  or 
Grubin.  Although  the  high-viscosity  oil  does  agree  very  well  with  the 
theoretical  flooded  isothermal  flow  equations,  large  torques  are  requited 
to  drive  bearings  supplied  with  this  oil  making  it  undesirable  as  a DM  V 
bearing  lubricant. 

In  general  the  viscosity  effects  for  these  three  oils  do  not  appear 
to  be  completely  correlated  by  Grubin's  or  Dowson's  parameters.  Using 
measured  AL  values  for  calculating  film  thicknesses  H,  and  H"  which  are 
then  compared  to  both  relationships  appear  to  show  better  correlation  between 
the  minimum  film  thickness  equation  and  the  measured  values,  H.  Of  course 
these  were  short  duration  tests  and  do  not  predict  what  might  happen  under 
extended  vacuum  conditions. 

Test  Series  II.  This  series  was  conducted  to  determine  the  effect 
of  additives  on  the  oil  film  thicknesses  in  the  EHD  conjunctions  of  the  bearing. 
For  these  tests  the  intermediate-viscosity  oil  was  used  and  the  first  test  as 
shown  in  Table  II  was  conducted  using  this  oil  without  the  antiwear  additive, 
but  the  antioxidant  additive  was  retained.  Note  that  the  second  test  in  this 
series  was  common  to  Series  I,  where  the  same  oil  with  the  additive  package 
was  used,  thus  only  two  tests  were  roquired  in  Series  II.  The  third  test  shown 
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in  the  table  for  Series  II  was  conducted  with  the  intermediate- viscosity  oil, 
but  with  ZDP  as  the  antiwear  additive.  As  in  Series  I,  the  initial  oil  film 
thickness  was  the  "thick  film.  " The  MRC  standard  bearings  were  employed 
for  the  tests  in  Series  II. 

Figures  1 6 , 18,  and  19  show  a comparison  of  the  experimentally- 
determined  film  thicknesses  H and  W for  each  of  these  additives  as  compared 
to  the  Dowson  Eq.  (9)  and  the  Grubin  Eq.  (8),  respectively.  In  comparing 
these  results  it  ij  seen  that  there  appear  to  be  load  effects  for  the  Apiezon  C 
with  ZDP.  The  low-load  data  clearly  have  larger  dimensionless  film  thick- 
nesses than  the  high-load  data.  On  the  other  hand,  this  is  not  readily  ap- 
parent for  the  Apiezon  C with  antioxidant  or  the  BBRC  36233  (Apiezon  C 
with  antioxidant  and  lead  naphthenate).  If  the  oest-fit  line  is  drawn  through 
each  of  these  different  formulations  of  Apiezon  C,  ignoring  any  load  effects, 
the  Apiezon  C with  ZDP  would  exhibit  a slightly  higher  slope  than  Apiezon  C 
with  antioxidant,  although  not  enough  to  be  of  major  significance.  In  com- 
paring these  plots  of  data  it  appears  that  BBRC  36233  exhibits  slightly  thinner 
film  thicknesses  than  the  two  other  Apiezon  oils  with  different  additives, 
although  the  difference  does  not  appear  to  be  of  major  significance  and  may 
not  be  greater  than  the  experimental  error  involved.  Therefore,  he  effects 
of  these  additives  on  the  formation  of  an  EHD  film,  appear  to  be  negligible 
for  the  particular  test  conditions  employed  in  these  tests. 

Test  Series  III.  In  this  test  series  the  effect  of  the  initial  oil  film 
thickness  was  studied.  For  both  tests,  the  intermediate-viscosity  oil  with 
1.  5 percent  antioxidant  and  5 percent  lead  naphthenate  (BBRC  36233)  was 
used.  Note  in  Table  II  that  the  first  teet  is  common  to  Series  I,  where  the 
same  initial  oil  film  thickness  with  the  same  oil  and  standard  test  bearings 
weie  used,  so  that  only  one  additional  test  was  required  in  Series  III.  In 
the  second  test  shown  in  the  table  for  Series  III,  the  initial  oil  film  thickness 
was  "thin  film,"  which  was  about  1 X 10"4  mm,  a less  favorable  condition 
for  the  development  of  full  EHD  oil  films  in  the  ball-raceway  conjunctions. 

For  this  test,  the  MRC  standard  bearings  were  also  used. 

Figure  20  shows  the  dimensionless  film  thicknesses,  H and  H 
plotted  versus  Dowson's  and  Grubin's  parameters,  respectively  for  "thin 
film"  bearings.  As  illustrated  in  the  figure,  there  is  clearly  a load  effect 
as  shown  by  the  data  points  for  this  test  condition  which  is  similar  to,  but, 
more  clearly  distinguishable  than  the  one  discussed  above  for  Apiezon  C 
with  ZDP  and  having  a thick  initial  oil  film.  The  first  conclusion,  based  on 
these  data,  is  these  "thin  film"  bearings  did  not  have  a sufficient  amount 
of  lubricant  to  maintain  the  EHD  film  thicknesses  at  the  higher  loads.  On 
the  other  hand,  there  appeared  to  be  a sufficient  amount  of  lubricant  to 
provide  both  central -region  and  minimum  film  thicknesses  near  those  pre- 
dicted by  both  Grubin's  and  Dowson's  equations  at  the  low  load  level.  In 
comparing  these  data  with  the  results  shown  in  Figure  16  for  the  same 
lubricant  but  with  a thick  initial  oil  film,  it  is  seen  that  the  high-load  results 


41 


lm  Thicknesses  for  Standard  Bearings 
ermediate- Viscosity  Oil  Containing 

Additive  ZDP 


APIEZON  C + ANTIOXIDANT 


96233  ( THIN  FILM  ) 


z 

» 

o 

o 

ft. 

s 

3 

ft. 

bl 

6C 

ft. 


z 

* 

o 

o 

a. 

3 

3 

ft. 

at 

kl 

t- 

u. 

4 


4 
K 

5 


o 

4 

O 

-I 


s 


CM 

Si 


• 41 

O <0 


24- NR  AFTER  PUMPDOWN 


for  the  "thin  film"  bearings  (Fig.  20)  agree  very  well  with  both  the  low-load 
and  high-load  results  for  the  "thick  film"  bearings  (Fig.  16).  This  suggests 
that  possibly  the  low-load  results  for  the  "thin  film"  bearings  are  in  error 
because  of  a testing  load  deficiency.  Even  if  this  is  the  case,  both  the  "thick 
film"  and  "thin  film"  bearings  appear  to  have  film  thicknesses  sufficient  to 
prevent  asperity  contact  between  the  balls  and  races,  but  neither  is  per- 
forming in  a flooded  conjunction  regime  which  should  give  experimental 
results  in  agreement  with  Dowson's  andGrubin's  equations.  Again,  these 
were  short  duration  tests  and  the  results  might  change  considerably  under 
extended  operating  conditions. 

Test  Series  IV.  This  test  series  was  conducted  to  determine  the 
the  effect  of  ball-race  surface  roughness  on  the  oil  film  thicknesses  in  the 
EHD  conjunctions  in  the  bearing.  This  was  done  using  the  intermediate  - 
viscosity  oil  with  the  additive  package  of  1.  5 percent  antioxidant  and  5 percent 
lead  naphthenate  for  all  tests  in  the  series.  Tests  were  conducted  with  both 
"thick"  and  "thin"  initial  oil  film  thicknesses  on  the  bearings,  as  shown  in 
Table  II.  The  data  supplied  by  MRC  and  presented  in  Section  II,  Part  II  of 
this  report  showed  the  surface  roughness  of  the  rough  bearing  races  to  be 
0.  204  pm  (8  p in. ) which  is  twice  that  shown  for  the  standard  bearings. 

Figure  21  is  for  "thick"  initial  oil  film  with  the  BBRC  36233 
additive  package  and  rough  ball-race  surface  roughness.  Comparing  this 
with  Test  Series  I data  for  standard  bearings  lubricated  with  BBRC  36233 
and  shown  in  Figure  16  shows  very  good  agreement  and  suggests  that  both 
the  standard  and  rough  bearings  continue  to  operate  with  essentially  the  same 
film  thicknesses.  In  fact  the  best-fit  line  drawn  through  both  the  K and  H' 
data  on  both  these  figures  would  show  the  rough  bearings  to  have  slightly 
thicker  film  thicknesses.  Again,  the  best  correlation  appears  to  be  between 
the  measured  data  and  Dowson's  minimum  film  thickness  equation. 


The  last  two  tests  shown  in  Table  II  are  for  "thin"  initial  oil 
film  with  one  test  having  been  conducted  with  standard  MRC  bearings  and 
discussed  above  under  Test  Series  III.  The  previous  data  showed  question- 
able load  effects.  The  last  of  these  tests  was  for  bearings  having  the  rough- 
ness doubled  and  a "thin"  initial  oil  film  and  the  results  are  shown  in  Figure 
These  data  do  not  show  the  extreme  load  effect  that  is  shown  in  Figure  20 
except  possibly  the  low-load,  prepumpdown  data.  This  observation  further 
suggests  that  the  low-load  data  shown  in  Figures  18  (discussed  earlier)  and 
20  may  be  in  error  due  to  insufficient  loading.  Disregarding  the  low-load 
results  shown  in  Figure  20,  the  measured  film  thickness  data  for  both  the 
"thin"  initial  oil  nlm  tests  agree  very  well.  Because  the  measured  data  is 
significantly  less  than  either  Dowson's  or  Grubin's  predicted  values  it  is 
probable  that  oil  starvation  in  these  "thin  film"  tests  was  present.  On  the 
other  hand,  even  though  a flooded  conjunction  apparently  was  not  maintained, 
operation  of  the  bearings  appeared  to  be  satisfactory  with  a minimum  of 
asperity  contact  between  the  balls  and  races. 
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22.  Dimensionless  Oil  Film  Thicknesses  for  Rough  Bearings 
Having  Thin  Initial  Film  of  Inte  rmediate -Viscosity  Oil 


Even  though  there  are  some  discrepancies  in  these  Task  II  data 
they  do  correlate  well  with  both  Dowson's  and  Grubin's  dimensionless 
parameters  giving  much  confidence  in  the  race  displacement  measuring 
technique.  Based  on  all  of  these  Task  II  data  it  can  be  concluded  that  in 
general  the  film  thicknesses  H and  H'  calculated  from  ALy  measurements 
agreed  better  with  Dowson's  proposed  minimum  film  thickness  equation 
although  in  the  case  of  the  high-viscosity  oil  there  appeared  to  be  better 
correlation  with  Grubin's  central-region  film  thickness  equation.  In 
reality  it  appears  that  the  low -viscosity  and  medium-viscosity  oils,  whether 
the  bearing  be  standard  or  rough  and  the  initial  oil  film  be  ' thick"  or  "thin", 
were  operating  in  a slightly  starved  condition,  but  not  severe  enough  to 
prevent  proper  operation  or  to  cause  wear  or  rubbing  between  the  balls  and 
races. 
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SECTION  V 


TASK  III  — ANALYSIS  OF  INFLUENCE  OF  LUBRICANT  FILM 
THICKNESS  ON  BEARING  LIFE  EXPECTANCY  IN 
A SIMULATED  SPACE  ENVIRONMENT 


General 


The  purpose  of  this  task  is  to  provide  a foundation  for  the  develop- 
ment of  accelerated  tests,  which  can  be  used  to  predict  bearing  failure  due 
to  'he  loss  or  inadequate  thickness  of  the  EHD  oil  films. 

As  has  been  mentioned  earlier  in  Part  I of  this  report,  in  order  to 
attain  long  bearing  lives  of  the  order  of  10  to  15  years  in  space,  it  will  be 
necessary  to  achieve  intact  EHD  films  in  the  ball-race  conjunctions.  This 
is  because  without  full  EHD  films  present,  there  will  be  surface  contact, 
hence  rubbing  wear  will  occur. 

Based  on  the  test  results  obtained  in  Task  II  it  appears  that  using  the 
bearing  race  displacement  technique  for  EHD  film  thickness  measurement  is 
valid  and  both  Dowson's  and  Grubin's  parameters  correlate  the  data  very 
well.  In  general,  the  calculated  film  thicknesses,  using  ALy  measurements 
agree  better  with  Dowson's  Eq.  (9).  Both  the  low- viscosity  and  medium- 
viscosity  oils,  when  applied  to  ABEC-7  bearings,  had  film  thicknesses  less 
than  predicted  by  Dowson  or  Grubin  indicating  less  than  flooded  conditions 
in  the  ball-race  conjunctions.  Also  the  "thin"  initial  oil  iilm  tests  operating 
without  reservoirs  and  using  BBRC  36233  (medium  viscosity)  appeared  to 
have  oil  film  thicknesses  very  nearly  the  same  as  tests  using  "thick"  initial 
oil  films.  Of  course  conclusions  cannot  be  made  for  these  same  tests  when 
extended  for  long  durations  under  vacuum  conditions.  This  task  will  attempt 
to  provide  some  of  this  information. 

It  is  believed  that  as  far  as  failures  due  to  loss  or  inadequate  EHD 
film  thickness  are  concerned,  the  most  realistic  way  to  conduct  accelerated 
tests  is  through  control  of  the  A ratio.  Accordingly,  the  Task  III  test  pro- 
gram was  designed  to  provide  basic  data  on  bearing  failure  due  to  the  loss  or 
inadequacy  of  the  EHD  film  thickness,  which  it  is  believed  will  serve  as  a 
foundation  for  the  development  of  accelerated  tests. 

Task  III  consisted  of  three  long -duration  bearing  life  tests  run  simul- 
taneously, Each  test  was  conducted  in  a test  chamber  identical  to  the  one 
used  in  Task  II,  with  two  test  bearings  loaded  against  each  other  with  a 
890-N  (200-lb)  axial  load.  Bearing  speed  for  all  three  tests  was  maintained 
constant  at  100  rpm.  Torque  was  monitored  in  all  tests  by  the  method  de- 
scribed in  Section  II,  Part  I of  this  report. 
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The  three  separate  test  chambers  were  connected  to  the  1.2  mVs 
(1200  1/sec)  vacuum  pump,  previously  described  in  detail  in  Section  II, 

Part  I,  and  the  bearing  chamber  pressure  was  approximately  the  equilibrium 
vapor  pressure  of  the  oil.  Each  chamber  was  provided  with  an  LVDT  identi- 
cal to  that  used  in  Task  II  for  measurement  of  the  bearing  film  thicknesses. 

A summary  of  these  three  tests  is  presented  in  Table  III.  As  shown 
in  the  table,  these  tests  were  conducted  at  three  different  levels  of  A ratio 
designated  simply  as  low,  medium,  and  high,  since  at  the  time  the  tests  were 
designed  it  was  not  known  what  the  actual  values  would  be.  The  three  A 
levels  would  be  obtained  by  varying  the  oil  viscosity  and  the  composite  surface 
roughness  of  the  ball-race  combination.  The  low  A value  would  be  obtained 
using  the  Apiezon  A oil  with  the  rough  bearings,  the  medium  A value  would 
be  obtained  using  the  same  oil  but  in  combination  with  the  standard  roughness 
bearing,  and  the  high  A value  would  be  obtained  using  BBRC  36233  oil  with 
the  rough  bearings.  The  Apiezon  A oil  would  contain  the  standard  additive 
package  used  in  BBRC  362  3 3.  The  degree  of  oil  supply  would  be  an  initial 
thick  film.  Lubricant-impregnated  reservoirs  would  also  be  installed  in  the 
bearing  test  chamber.  Using  values  of  0.  102  jjm  (4  jiin. ) and  0,204  gm 
(8  fiin.  ),  as  supplied  by  MRC  and  given  in  Section  II,  Part  II  of  this  report, 
for  the  standard  and  rough  bearing  race  surface  finishes  in  the  transverse 
direction  (across  grinding  marks),  respectively,  and  a bail  surface  finish  of 
0.023  (jm  (1  jjin.  ),  and  employing  the  expression  for  composite  surface 
roughness,  fic.  given  in  Section  III,  Part  I,  values  of  approximately  0.  10 
jim  (4  yin. ) and  0.18  ym  (7  yin.  ) are  obtained  for  6c.  This  assumes  the 
bearing  race  surface  finish  in  the  direction  of  the  grinding  marks  is  one-half 
that  in  the  transverse  direction.  Then  using  experimental  values  of  film 
thicknesses  as  calculated  from  ALy  for  the  two  tests  using  Apiezon  A with 
antioxidant  and  lead  naphthenato,  and  one  test  using  BBRC  362  33  and  employ- 
ing the  following  equation: 


where  Am  = dimensionless  minimum  oil  film  thickness  ratio 

h = oil  film  thickness  calculated  using  Eq.  (38),  Appendix  1 
6C  =;  composite  surface  roughness  of  two  bearing  surfaces 

values  of  0.  71 , 1 . 25,  and  1.43  are  obtained  for  Am  for  the  low  viscosity  oil 
and  rough  bearings,  low  viscosity  oil  and  standard  bearings,  and  medium 
viscosity  oil  and  rough  hearings,  respectively,  as  shown  in  Table  Tn.  The 
film  thickness  values  used  in  calculating  the  above  Am  values  were  approxi- 
mate average  values  that  were  obtained  at  the  end  of  the  long-duration  tests 
and  will  be  presented  in  the  next  subsection  of  this  report  under  experimental 
results. 
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TABLE  3.  SUMMARY  OF  TASK  III  TESTS 


Teat 

No. 


Variable 

Studied 


Viscosity 

at  25  C (77  F),  Initial  Film 
m^/s  x lO^  Thickness 


Ball-Race 
Surface  Roughness 


1 Low  A 

2 Medium  A 

3 High  A 


54 

Thick 

54 

Thick 

225 

Thick 

Roughness  doubled 
MRC  standard 
Roughness  doubled 


TEST  CONDITIONS: 

Pressure  = equilibrium  vapor  pressure  of  test  oil 
Temperature  « 25  C (77  F) 

Load  = 890  N (200  lb) 

Speed  =100  rpm 


OIL  DESCRIPTION: 

Medium  viscosity  oil  = BBRC  36233 

Low  viscosity  oil  = Apiezon  A + 1. 5 % Antioxidant  + 5%  Lead 
naphthenate 


Z,  Presentation  of  Experimental  Results  from  Long-Duration 

Bearing  Tests 

The  computer  program  that  was  developed  and  discussed  in  Section 
IV,  Part  II  of  this  report  was  modified  to  accommodate  these  Task  III  mea- 
surements. A listing  of  the  modified  computer  program  is  shown  in  Appen- 
dix IV  and  the  tables  of  computed  data  for  the  long-duration  bearing  tests 
are  presented  in  Appendix  V. 

Figures  23,  24,  and  ?5  show  the  measured  variables  for  the  three 
long -duration  Task  III  tests  as  a function  of  time.  The  film  thickness  data 
points  are  values  that  were  calculated  from  the  measured  displacements, 

ALy.  For  these  Task  III  tests  the  aft  bearing-inner  race  contact  data  were 
plotted  rather  than  the  aft  bearing-outer  race  contact  data  that  were  selected 
for  plotting  in  the  Task  II  tests.  This  was  done  because  these  inner  race  con- 
tact data  are  printed  out  in  the  Task  III  tables  (Appendix  V)  whereas  only  the 
equations  containing  the  geometric  constant  are  given  in  these  tables  for 
computing  the  outer  contact  film  thickness  values.  Again  as  explained  in 
Section  IV,  Part  II,  the  four  different  conjunction  films  for  eacn  test  condi- 
tion at  any  particular  time  are  calculated  from  a single  displacement  mea- 
surement, ALy.  The  solid  lines  shown  on  the  plots  of  H*  and  H versus  time 
in  Figures  23,  24,  and  25  are  the  values  that  would  be  obtained  using 
Grubin's  Eq.  (8)  and  Dowson's  Eq.  (9)  for  calculating  central- region  and 
minimum  dimensionless  film  thicknesses,  respectively,  at  the  measured 
bearing  temperatures.  When  comparing  the  data  calculated  from  measured 
ALy  values  with  these  empirical  values  from  the  equations,  it  is  seen  that 
the  actual  film  thicknesses  in  the  bearings,  for  the  different  Am  ratios,  are 
in  general  less  than  both  the  empirical  minimum  and  central -region  values 
predicted  by  the  equations.  This  agrees  with  the  Task  II  data  presented  in 
the  previous  section  of  this  report  and  again  suggests  less  than  flooded 
lubrication  in  the  ball-race  conjunctions.  It  is  worthy  to  not»>  that  the  low 
Amtest(low  viscosity  oil  with  rough  bearings)  displayed  very  small  film 
thicknesses  throughout  much  of  the  first  few  hundred  hours  of  testing,  but 
they  increased  until  agreeing  very  well  with  Dowson's  minimum  film  thick- 
ness equation  for  the  last  portion  of  the  test.  On  the  other  hand,  the  medium 
and  high  Am  tests  displayed  film  thicknesses  that  increased  to  values  close 
to  those  predicted  by  Dowson  early  during  testing  and  remained  fairly  con- 
stant throughout  the  remainder  of  the  tests.  It  is  also  of  interest  to  note  that 
at  several  times  the  measured  values  behaved  as  would  be  predicted  when 
there  were  bearing  temperature  increases  or  decreases.  For  example, 
note  the  incroaso  in  measured  and  calculated  film  thickness  in  Figure  25  at 
about  1200  hours.  Some  of  the  bearing  temperature  changes  were  caused 
by  changes  in  the  laboratory  temperature  because  of  air  conditioning  failure. 
Some  of  the  temperature  changes  were  also  caused  by  the  test  rig  speed 
changing,  but  several  of  the  bearing  temperature  changes  cannot  be  explained. 

Vacuum  in  the  chamber  seemed  to  behave  as  would  be  expected,  with 
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Figure  23.  Measured  Variables  for  Endurance  Test 
Using  DMA  Bearings  Lubricated  with  Thick  Initial 
Oil  Film  of  Apieron  A and  Having  Low  A 
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Figure  24.  Measured  Variables  for  Endurance  Test 
Using  DMA  Bearings  Lubricated  with  Thick  Initial 
Oil  Film  of  Apieson  A and  Having  Medium  A 
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Measured  Variables  for  Endurance  Test  Using  DMA  Bearings  Lubricated 
>lth  Thick  Initial  Oil  Film  of  BBRC  36233  and  Havino  A 


\ 


Be 


the  pressure  first  increasing  when  the  test  rigs  were  initially  put  into  motion 
and  then  continuing  a gradual  decreasing  trend  until  the  end  of  the  program. 
The  measured  torque  in  the  test  bearings  appeared  to  behave  normally  with 
some  periodic  fluctuations  that  can  probably  be  attributed  to  the  cage  rubbing 
against  the  outer  race  in  the  test  bearings.  This  will  be  discussed  in  more 
detail  later  in  the  report.  The  Test  No.  1 and  Test  No.  2 bearings,  both 
tests  using  formulations  of  Apiezon  A oil,  "locked  up"  within  500  hours  of  each 
other;  Test  No.  1 ran  3836  hours  and  Test  No.  2 ran  4294  hours.  What  may 
be  of  significance  is  that  both  of  these  tests  did  employ  the  low-viscosity 
Apiezon  A and  did  fail  after  similar  test  durations  even  though  the  Am  of  one 
was  1,76  times  the  other  and  both  were  less  than  2,0.  For  both  tests,  it 
appears  that  the  oil  may  have  been  wiped  from  the  cages  at  the  ball-cage 
conjunctions  and  was  not  replenished  by  the  oil  impregnated  cages  or  reser- 
voirs, thus  causing  dry  rubbing  wear  and  eventual  "lock  up."  This  will  be 
discussed  in  more  detail  later  in  the  report.  Upon  "lock  up"  the  bearings 
in  these  test  rigs  could  not  be  freed  by  turning  the  outer  magnets  either 
backward  or  forward.  The  maximum  torque  capability  of  the  driving  magnetic 
couplings  was  approximately  0.63  N-m  (90  oz-in. ),  therefore,  a large  amount 
of  torque  could  not  be  applied  until  disassembly  of  the  bearing  rigs.  It  should 
be  noted  that  the  bearings  in  Test  No.  2 started  making  an  unusual  noise  after 
approximately  3336  hours  of  operation.  Nothing  unusual  was  observed  in  the 
measured  data  at  this  time.  The  noise  sounded  similar  to  moving  parts  rub- 
bing against  each  other  and  continued  until  the  end  of  the  test.  One  ALy  mea- 
surement, taken  at  3816  hours,  for  this  Test  No.  2 was  obviously  too  great, 
as  is  shown  in  Figure  24. 

Removal  and  Inspection  of  Two  Failed  Task  III  Bearing  Rig  Assemblies. 
Approximately  1350  hours  after  the  bearings  in  Test  No.  2 "locked  up"  and 
1850  hours  after  the  bearings  in  Test  No.  1 "locked  up",  at  the  request  of  the 
AFML  project  engineers,  the  following  procedure  was  undertaken. 


Leave  the  bearing  assembly  with  the  BBRC  36233  oil  running 
throughout  the  removal  of  the  two  other  bearing  assemblies 
from  vacuum  system. 

Using  nitrogen,  bring  the  chamber  pressure  to  slightly  above 
atmospheric,  and  maintain  a small  positive  pressure  dif- 
ferential as  the  bearing  assemblies  are  removed,  to  prevent 
room  air  from  entering  the  vacuum  chamber. 


Cover  the  end  of  each  bearing  assembly  with  aluminum  foil  as 
it  is  removed  tram  the  vacuum  chamber. 

After  each  bearing  assembly  is  removed  from  the  vacuum 
chamber,  attach  a cover  plate  to  the  port. 


When  both  bearing  assemblies  have  been  removed  and  the  cover 
plates  are  in  place,  put  the  system  under  vacuum  again. 
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f.  Select  one  of  the  bearing  assemblies,  anti  carefully  extract 
the  inner  housing  from  the  outer  bearing  rig  chamber. 

g.  With  the  inner  housing  fixed,  and  using  a suitable  torque 
wrench,  apply  torque  to  the  nut  holding  the  magnets  on  the 
shaft.  Be  sure  that  the  torque  is  applied  in  the  direction  that 
the  bearings  rotated  in  the  test.  Gradually  increase  the  torque 
until  the  slightest  motion  is  observed  and  record  this  break- 
away torque. 

h.  Remove  the  load  in  steps  of  ZZZ  N (50  lb),  and  after  each  load 
change  repeat  step  g above. 

i.  When  all  the  load  has  been  removed,  reapply  the  890  N (200  lb) 
load  and  see  if  the  bearing  is  locked  up  again. 

j.  Carefully  dismantle  the  bearing  assembly  and  remove  the 
bearings.  Use  gloves  and  laminar  flow  hood  during  the  dis- 
assembly. When  the  bearings  are  removed,  wrap  them  in 
aluminum  foil  for  temporary  storage. 

k.  Under  the  laminar  flow  hood  and  using  gloves,  dismantle  each 
bearing. 

l.  Weigh  the  retainers  and  reservoirs  and  record  these  weights. 

m.  Inspect  the  balls  and  races  of  each  bearing  for  wear  tracks, 
etc.,  and  record  findings. 

n.  Inspect  the  retainers  for  wear  and  record  findings. 

o.  If  the  bearing  components  have  to  be  cleaned  for  any  reason 
during  the  inspection  process,  use  heptane,  save  it,  and  send 
it  to  AFML. 

p.  After  the  inspections  are  complete,  reassemble  each  bearing, 
wrap  in  aluminum  Coil,  label  and  store. 

q.  Repeat  steps  f through  p for  the  other  bearing  assembly. 

The  rig  from  Test  No.  1 was  selected  first  for  the  above  procedure. 
Upon  removing  the  inner  housing  from  the  bearing  rig  chamber  (step  f)  it 
was  evident  that  the  cage  was  pushed  against  the  ume<*  land  of  the  outer  race 
of  the  aft  bearing  on  one  side  while  displaying  a gap  at  the  opposite  side. 

This  is  illustrated  in  the  photograph  shown  in  Figure  26.  Also  observed  was 
an  ample  amount  of  oil  in  and  around  the  bearing.  The  oil  appeared  to  be 
darker  than  when  first  installed  in  the  test  rig  at  ‘'he  beginning  of  the  test. 
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of  Wedged  Cage  After 
Teat  "Lock  Up" 


Torque  measurements  were  made  as  outlined  in  step  g above  and  the  results 
were  as  follows: 


1.  Initial  full  load  breakaway  (step  g)  = 0.70  N-m  (99.7  oz-in. ) 

2.  Second  667  N (150-lb)  load  torque  measurement  (step  h)  = 
0.43  N-m  (61. 0 oz-in. ) 


The  bearing  became  relatively  free  at  this  time,  therefore,  it  was  reloaded 
to  890 -N  (200-lb)  axial  load  and  similar  torque  measurements  were  taken 
giving  an  average  value  of  0.  071  N-m  (10.  0 oz-in.  ).  Again  the  axial  load 
was  reduced  to  667  N (150  lb)  and  repeat  measurements  of  torque  gave  an 
average  value  of  0.018  N-m  (2.6  oz-in.  ).  At  this  time  the  bearings  appeared 
to  be  completely  free  and  the  cage  had  moved  away  from  the  inner  land  of 
the  outer  race  seeking  a more  concentric  position.  At  thir  time  the  axial  load 
of  890  N (200  lb)  was  reapplied  and  the  inner  housing  placed  back  in  the  bea:  - 
ing  rig  chamber.  Instrumentation  was  again  installed  and  the  rig  was  attached 
to  the  Task  II  vacuum  system.  Bearing  displacement  and  torque  measure- 
ments were  made  both  in  air  prior  to  pumpdown  and  after  evacuation  of  the 
test  chamber.  These  appeared  to  be  somewhat  higher  than  normal,  but,  the 
bearings  would  operate.  There  was  an  unusual  noise  (chatter)  in  the  bearings 
above  approximately  60  rpm.  After  running  approximately  24  h';  • rs  the  test 
was  stopped  because  the  rig  was  found  stalled,  but  the  bearings  were  not 
"locked  up."  The  cause  of  the  stall  is  not  known.  The  rig  was  completely 
disassembled.  Photographs  and  observations  were  made  during  disassembly 
and  these  will  be  discussed  later. 


At  this  time  the  rig  from  Test  No.  2 was  disassembled.  Again,  when 
the  inner  housing  of  the  rig  was  removed  from  the  bearing  rig  chamber  (step 
f above)  it  was  noted  that  the  cage  was  pushed  against  the  inner  land  of  the 
outer  race  of  the  aft  bearing  on  one  side  while  displaying  a gap  at  the  opposite 
side.  A small  pool  of  oil  was  present  at  the  bottom  of  the  inner  housing  in 
front  of  the  loading  diaphragm.  Oil  could  also  be  seen  around  the  ball-inner 
race  contacts.  Prior  to  proceeding  through  the  disassembly  procedure  given 
above  for  determining  "breakaway"  torque  of  the  bearings  it  was  decided  to 
attempt  to  push  the  bearing  cage  to  a central  position.  Since  the  cage  was 
securely  wedged  between  the  outer  race  and  the  balls,  it  required  gradually 
moving  the  cage  to  a more  central  position  by  prying  with  a screwdriver 
between  the  cage  and  inner  race  at  several  locations.  This  was  carefully 
done,  and  once  the  cage  moved  away  from  the  inner  land  of  the  outer  race 
the  bearing  movement  became  free  and  easy.  Average  torque  required  to 
rotate  the  bearings  after  this  "freeing"  manuever  was  0.082  N-m  (11.6 
oz-in.  ) which  indicated  extremely  free  bearings  in  the  rig.  It  should  be 
noted  that  in  both  cases  of  "locked  up"  bearing  rigs,  it  appeared  that  the  aft 
bearings  had  stalled  because  of  wedging  between  the  cages  and  the  outer  races. 
At  this  time  the  Test  No.  2 rig  was  completely  disassembled.  Photographs 
and  observations  of  both  the  failed  ("locked  up")  bearings  will  be  presented 
and  discussed  at  this  time. 
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Highlights  of  Task  III  Failed  Bearings.  Figures  27  and  28  show  a 
close-up  view  of  the  ball  track  on  the  outer  and  inner  races  of  the  forward 
bearing  in  Test  No.  2.  As  seen  in  these  photographs  there  was  an  appre- 
ciable amount  of  dark  debris  collected  on  both  sides  of  the  ball  track. 

The  three  other  bearings  employed  in  these  two  tests  showed  somewhat  less 
of  this  debris.  Close  inspection  of  the  outer  land  surface  of  the  phenolic 
cages  for  the  four  test  bearings  showed  that  the  bearing  having  the  most 
debris  on  the  inner  and  outer  races  also  had  the  most  rubbing  wear  on  the 
phenolic  cage.  In  other  words,  the  amount  of  rubbing  wear  on  the  outer 
land  or  surface  of  the  cage  appeared  to  be  directly  related  to  the  amount  of 
dark  debris  deposited  along  the  ball  tracks  on  the  bearing  races.  This 
material  was  easily  removed  from  the  race  surfaces  by  wiping  with  a clean 
cloth  or  paper  tissue.  Figure  29  illustrates  a flake  of  debris  deposited  in 
the  ball  pocket  of  the  Test  No.  2 forward  bearing.  All  four  of  the  bearings 
used  in  these  two  tests  displayed  some  of  these  shiny  flakes  of  debris  in  the 
ball  pockets,  although,  they  appeared  to  be  larger  in  the  two  bearings  used 
in  Test  No.  2.  Also  shown  in  Figure  29  are  the  darkened  wear  tracks  on 
the  outer  land  surface  near  the  ball  pockets  of  the  phenolic  cage.  Seemingly, 
these  wear  tracks  were  deeper  and  more  noticeable  near  the  ball  pockets 
that  contained  flakes  of  wear  debris.  Apparently  these  flakes  are  composed 
of  wear  material  that  has  been  removed  from  the  cages. 

Post-test  inspection  of  the  ball  surfaces  revealed  a film  of  oil  re- 
maining intact  with  no  visible  wear  track,  pitting,  or  flaking.  After  wiping 
the  debris  from  the  race  surfaces,  they  were  found  to  be  bright  and  shiny 
showing  no  evidence  of  pitting  or  extreme  wear. 

Figure  30  shows  four  of  the  oil-impregnated  reservoirs  that  were 
removed  from  one  of  the  rigs  used  in  Task  III  tests.  These  reservoirs 
appeared  very  much  as  they  did  when  installed  in  the  test  rigs.  They  were 
very  brittle  and  extreme  care  had  to  be  exercised  to  keep  from  breaking 
small  pieces  from  the  reservoirs  during  assembly  or  disassembly.  Before 
and  after  weight  measurement0  showed  that  the  average  oil  weight  loss  for 
these  reservoirs  was  only  1. 4 and  2.2  percent  during  these  two  failed 
Task  III  tests. 

Based  on  the  test  results  and  observations  obtained  during  Task  III, 
it  can  be  concluded  that  the  bearing  lubricated  with  Apiezon  A and  having  a 
low  and  medium  Am  did  not  fail  because  of  insufficient  EHD  lubrication  at 
the  ball- race  conjunctions.  Instead  it  appeared  that  the  failures  were  caused 
by  torque  increases  that  were  due  to  wedging  of  the  cages  between  the  balls 
and  outer  races.  This  indicates  either  a poor  design  of  the  bearing  cages 
or  poor  lubrication  between  the  cage  and  the  balls  and  between  the  cage  and 
the  outer  race  lands  of  the  bearing.  Inspection  of  the  failed  bearings  led  to 
the  conclusion  that  the  contacting  surfaces  between  the  balls  and  cages 
would  become  "dried  out"  because  of  poor  cage  lubricant  feed.  Once  this 
happened,  wear  of  the  cage  in  the  ball  pockets  would  be  initiated  and  continue 


Figure  30.  Four  Oil-Impregnated  Reservoirs  as 
Removed  from  Test  Rig 


to  propagate  as  is  shown  in  Figure  29.  Simultaneously,  due  to  increased 
friction  between  the  balls  and  cage,  the  cage  would  be  pushed  against  the 
lands  of  the  outer  race  of  the  bearing  with  additional  forces.  Due  to  these 
larger  forces  and  additional  wear  the  bearings  would  soon  reach  the  point 
where  "lock  up"  occurred  because  of  insufficient  driving  torque. 


SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


1 . Conclusions 

Task  I.  From  the  results  of  the  optical  interference  measurements 
of  the  EHD  film  thicknesses  for  the  various  oils  employed  in  this  study,  it 
is  concluded  that  the  special  test  oils  formulated  for  vacuum  use  behave  in 
general  in  the  same  manner  as  do  ordinary  straight  mineral  oils.  This  was 
shown  in  Section  III  in  Figures  9 and  13.  The  results  shown  in  these  figures 
emphasize  the  fact  that  when  optically-measured  EHD  film  thickness  data  for 
different  oils  are  compared,  the  data  should  be  obtained  under  identical 
operating  conditions.  That  is,  due  to  thermal  effects  in  the  conjunction 
inlet  region,  EHD  film  thickness  data  obtained  under  pure  sliding  conditions 
should  not  be  compared  with  those  obtained  in  pure  rolling,  except  at  very 
low  values  of  the  dimensionless  correlating  parameters  £c  and  Em*  As 
Ec  and  Em  increase,  the  difference  between  the  EHD  film  thickness  for 
pure  rolling  and  pure  sliding  becomes  greater. 

From  these  optical  measurements  it  is  also  concluded  that  even  for 
flooded  conjunction  inlet  conditions,  the  linear  relationships  between  Hc 
versus  Ec  and  Hm  versus  £m,  as  proposed  by  the  correlating  equation  of 
Arch.ard(3)  and  Cameron, (4)  break  down  as  Ec  and  Em  are  increased.  It  is 
believed  that  the  nonlinear  trend  is  due  to  thermal  effects,  and  apparently 
not  influenced  by  the  oil  composition  as  long  as  operation  is  in  the  full  EHD 
regime. 

Task  II.  From  the  EHD  film  thickness  measurements  made  for  the 
DMA  bearings  using  the  race  displacement  technique,  a number  of  conclu- 
sions may  be  drawn.  Taking  any  individual  figure  among  Figures  14  through 
22,  it  is  concluded  that  the  dimensionless  parameters  Ed  and  Eg  correlate 
the  EHD  film  thicknesses  calculated  from  the  measured  race  displacement 
reasonably  well.  For  any  given  oil  there  is  a unique  and  approximately 
linear  relationship  between  H and  Ed  °r  H*  and  Eg  regardless  of  the  indi- 
vidual values  of  load  and  speed,  and  regardless  of  the  individual  values  of 
viscosity  which  occur  due  to  moderate  temperature  differences  resulting 
from  internal  heat  generation  in  the  bearings.  However,  as  indicated  by 
the  data  presented  in  Figures  15,  1 6,  and  17,  there  is  apparently  some 
effect  which  is  not  accounted  for  by  the  parameters  Ed  and  £q*  These 
three  figures  show  that  for  three  oils  of  considerably  different  viscosity 
grades,  the  slope  of  the  curves  of  H versus  Ed  and  H/  versus  £c  increase 
progressively  with  an  increase  in  the  viscosity  grade  of  the  oil.  For  the 
most  viscous  oil,  the  Nye  860-2,  the  measured  film  thickness  data  are  in 
excellent  agreement  with  the  theoretical  equations  of  Grubin  and  Dowson  for 
flooded  isothermal  conditions.  For  the  two  other  oils,  the  BBRC  36233  and 
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Apiezon  A with  additives,  the  measured  EHD  film  thicknesses  are  less  than 
predicted  by  the  theoretical  equations.  While  this  disagreement  could  be 
attributed  to  thermal  effects  caused  by  viscous  heating  in  the  conjunction 
inlets,  a3  noted  in  the  results  of  the  optical  EHD  film  thickness  measure- 
ments from  Task  I,  this  is  not  believed  likely.  If  viscous  heating  was 
responsible,  then  the  effects  would  be  expected  to  be  present  in  all  three 
cases.  Moreover,  these  effects  should  be  greater  for  the  case  of  the  most 
viscous  oil  but,  as  noted  above,  an  opposite  trend  is  observed.  It  is  believed 
that  a more  plausible  explanation  is  that  oil  starvation  is  responsible  for  the 
lack  of  agreement  with  the  theoretical  equations.  This  starvation  effect  could 
be  due  to  the  balls  pushing  the  oil  out  of  the  running  track,  but  what  is  prob- 
ably more  likely  is  that  the  retainer  is  actually  wiping  some  of  the  oil  from 
the  balls.  Apparently,  this  wiping  action  is  more  severe  for  the  least  vis- 
cous oil. 

Also  from  the  results  obtained  in  Task  II,  it  is  concluded  that  there  is 
no  significant  effect  of  additives  or  ball-race  composite  surface  roughness  on 
the  development  of  EHD  films  within  the  bearings. 

Finally,  by  comparing  Figures  16,  20,  21,  and  22,  it  is  also  con- 
cluded that  the  EHD  film  thicknesses  which  develop  within  the  bearing  are 
not  significantly  affected  by  the  thickness  of  the  initial  oil  film  coating 
applied  to  the  bearings,  at  least  for  the  range  of  initial  film  thickness  coat- 
ings investigated  in  this  study.  The  thinnest  initial  oil  film  coating  used  was 
approximately  0. 1 jim  (4  /iin.  ).  For  initial  oil  film  coatings  thinner  than 
this,  even  more  severe  starvation  effects  may  be  expected. 

Task  III.  From  the  post-test  examinations  of  the  bearings  from  the 
two  long-duration  tests  where  the  bearings  failed,  it  is  concluded  that  the 
failure  was  due  to  a lubrication  problem  at  the  interfaces  between  the  re- 
tainer and  the  other  bearing  components  and  not  due  to  inadequate  EHD  film 
thicknesses  at  the  ball-race  contacts.  It  is  further  concluded  that  this 
problem  is  associated  with  lubricant  feed  from  the  retainer  to  the  balls  and 
to  the  interfaces  where  the  retainer  rubs  on  the  lands  of  the  bearing.  Con- 
sidering the  fabrication  technique  used  for  the  cotton-phenolic  retainer 
material,  it  is  evident  that  it  is  possible  for  lubricant  feed  to  occur  from 
the  retainer  to  the  balls.  However,  it  does  not  appear  possible  for  lubricant 
feed  to  occur  from  the  phenolic  to  the  lands  of  the  bearing.  This  is  because 
the  layers  of  cotton  mateiial  in  the  phenolic  are  parallel  to  the  bearing  lands, 
and  lubricant  feed  cannot  occur  in  a direction  perpendicular  to  these  layers. 
The  bearings  used  in  the  present  study  have  outer-land-riding  cages.  Thus 
the  rubbing  which  occurs  between  the  retainer  and  the  outer  lands  of  the 
bearing  cause  a torque  on  the  retainer  which  opposes  the  driving  torque. 

Since  there  cannot  be  lubricant  feed  from  the  retainer  to  the  retainer-bearing 
land  interface,  the  lubrication  of  that  interface  must  largely  depend  upon  the 
initial  oil  coating  on  the  two  surfaces.  If  this  coating  is  depleted,  then  it  is 
possible  for  excessive  resisting  torques  to  develop  thus  requiring  a greater 


67 


force  between  the  balls  and  the  retainer.  This  can  accelerate  the  retainer 
wear  at  the  ball  pockets  and  can  cause  a glazing  of  the  retainer  at  the  ball 
pockets  thus  impeding  lubricant  feed  at  the  ball-retainer  interfaces.  It  is 
believed  that  this  retainer  problem  can  be  alleviated  by  the  use  of  a ball- 
piloted  retainer.  In  that  case,  all  locations  where  the  retainer  contacts  the 
other  bearing  components  are  capable  of  receiving  lubricant  feed  from  the 
retainer. 

From  the  measurements  of  the  EHD  film  thicknesses  in  the  bearing 
using  the  race  displacement  technique,  the  Am  ratio  for  the  tests  where 
Apiezon  A with  additives  was  employed  was  as  low  as  0.  71.  Yet  examination 
of  the  bearing  races  and  balls  indicated  that  little,  if  any,  rubbing  wear 
occurred.  It  is  thus  concluded  that  lubrication  was  very  nearly  in  the  full 
EHD  regime  for  these  tests.  Consequently,  it  has  not  been  possible  to  de- 
termine the  effect  of  Am  on  the  bearing -lubricant  system  life.  However,  it 
has  been  established  from  these  tests  that  for  periods  of  about  4000  hours, 
satisfactory  operation  from  an  EHD  film  standpoint  can  be  attained  at  Am 
values  of  the  order  of  unity  or  slightly  less. 

2.  Recommendations 

In  view  of  the  apparent  starvation  effects  observed  in  the  Task  II  and 
Task  III  work,  as  exemplified  by  the  measured  EHD  film  thicknesses  in  the 
bearings  being  less  than  the  theoretically  predicted  values,  several  further 
studies  are  recommended.  First,  it  is  believed  important  to  study  and  define 
the  effectiveness  of  oil  feed  from  retainers.  It  is  recommended  that  several 
different  retainer  materials  be  investigated,  including  the  contemporary 
phenolic  material,  and  also  several  more  advanced  materials  which  might 
provide  improved  lubricant  feed  characteristics. 

It  is  also  recommended  that  the  effect  of  retainer/bearing  processing 
variations  be  studied  further.  To  define  more  completely  the  effects  of  initial 
oil  film  thickness  on  the  development  of  adequate  EHD  film  thicknesses  within 
the  bearing,  it  is  recommended  that  several  processing  conditions  be  used 
that  will  result  in  initial  oil  film  thickness  coatings  less  than  the  thinnest 
initial  coating  of  0,  1 |im  (4  jjin.  ) employed  in  this  study.  The  objective  would 
be  to  define  the  thickness  of  the  coating  below  which  severe  oil  starvation 
would  occur. 


Because  the  Task  II  and  Task  III  tests  involved  only  moderate  changes 
in  bearing  temperature,  it  is  also  recommended  that  the  effect  of  temperature 
variation  on  the  development  and  maintenance  of  adequate  EHD  films  be 
studied  more  completely.  This  can  be  done  by  cycling  the  environmental 
temperature  of  the  bearing  test  chambers  to  produce  the  same  temperature 
environment  as  is  experienced  by  DMA  bearings  in  actual  space  service. 

Finally,  it  is  recommended  that  further  long-term  testing  be  done  to 


define  the  influence  of  the  Am  ratio  on  bearing-lubricant  performance  and 
life  expectancy.  This  should  be  done  using  rougher  bearing  races  than  were 
employed  in  the  present  study  to  produce  Am  values  low  enough  to  place 
operation  in  the  boundary  lubrication  regime.  The  bearing  retainer  design 
should  be  changed  to  ball-piloted  retainers  so  that  bearing  seizure  due  to  the 
retainers  can  be  avoided.  It  is  also  recommended  that  the  effects  of  anti- 
wear additive  concentration  be  included  in  these  long-term  studies.  This 
is  because  when  lubrication  is  in  the  boundary  lubrication  regime,  with 
asperity  interactions  occurring,  the  antiwear  additive  plays  an  important 
role  in  determining  the  wear  rate  due  to  rubbing  of  the  bearing  components. 
The  potential  of  the  Am  level  and  additive  concentration  as  accelerating 
factors  for  bearing -lubricant  life -expectancy  tests  can  thus  be  established. 
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APPENDIX  A 


DEVELOPMENT  OF  FILM  THICKNESS  — BEARING  RACE 
DISPLACEMENT  EQUATIONS  USED  IN 
COMPUTER  PROGRAMS 


1.  General 


Before  the  race  displacement  technique  can  be  used  to  make  mea- 
surements of  the  oil  film  thickness  in  an  angular  contact  bearing,  a rela- 
tionship between  the  EHD  films  which  develop  in  the  ball- race  conjunctions 
and  the  axial  displacement  of  the  movable  bearing  race  must  be  determined. 
For  this  purpose,  an  analogy  can  be  drawn  between  the  axial  race  displace- 
ment due  to  a slight  change  in  ball  diameter,  and  that  due  to  the  development 
of  EHD  films  in  the  ball- race  conjunctions. 

Consider  now  the  sketch  in  Figure  31,  which  is  a cross  section  taken 
through  the  center  of  a ball  in  an  angular  contact  bearing.  The  upper  race  in 
the  sketch  is  considered  to  be  the  rotating  inner  race,  and  the  lower  one  is 
the  outer  race  which  is  elastically  restrained  in  the  axial  direction.  Let  the 
initial  ball  size  and  outer  race  position  be  represented  by  the  solid  lines. 
Consider  now  that  the  ball  is  replaced  by  one  of  a slightly  larger  size,  indi- 
cated by  the  broken  lines,  with  no  other  changes  in  the  bearing  oeing  made. 
The  inner  race  is  held  stationary  axially,  thus  the  outer  race  must  move 
to  the  new  position,  shown  by  the  broken  lines,  to  accommodate  the  larger 
ball.  The  axial  distance  that  the  outer  race  moves  is  AS,  which  is  also  the 
distance  moved  by  the  center  of  the  outer  race  curvature,  i.  e. . from  Ci  to 
Ci . The  initial  contact  angle,  will  decrease  slightly  to  &q,  while  the 
initial  contact  points  on  the  inner  and  outer  races  will  change  from  A and  B 
to  A / and  B*.  If  the  increase  in  ball  diameter  is  Ad  then  it  may  be  shown^ 
that  the  axial  displacement  AS  is  related  to  the  change  in  ball  diameter  by 


AS  = BQdo  (sin  fi0  - j3o)  + Ad  sin  &q 


(U) 


where  AS  = axial  displacement  of  outer  race 


D0  s total  curvature  referred  to  original  ball  diameter 


- I 


ru  s radius  of  curvature  of  outer  race  (transverse  to  raceway) 
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radius  of  curvature  of  inner  race  (transverse  to  raceway) 
dQ  = original  ball  diameter 
4n  = original  contact  angle 

= contact  angle  after  race  displacement 
Ad  = increase  in  bail  diameter 

It  may  also  be  shown  that  the  "new"  contact  angle  is  related  to  the  initial 
contact  angle  by 


cos  j8o  - 


a0<i0  cos  4t 


B0d0  - Ad 


(13) 


l.  System  of  Equations  Relating  Cent ral -Region  BHD  Film 
Thickness  to  Bearing  Displacement 


Now  imagine  that  instead  of  the  outer  race  being  displaced  axially  by 
increasing  the  ball  diameter,  it  is  displaced  by  the  development  of  EHD 
films  at  the  inner  and  outer  ball-race  conjunctions.  If  it  is  assumed  that 
the  axial  displacement  is  due  to  the  central- region  EHD  film  thickness,  then 
we  may  write 


Ad  = hi  + ho 


(N) 


where  hi  - central- region  EHD  film  thicknes.'  at  ball-inner  race  contacts 

ho  - central- regiun  EHD  film  thickness  at  ball-outer  race  contacts 


Substituting  Ecjs.  (I  >)  and  (14)  into  Eq.  (Id),  then 


AS  ^ Bodo  ' *in  4a  - sin  arc  cos  , -I ~ j | 

L 1 Hod,-.  - (hi  * hull ,j 


. . * i3ad0  cos  4a  i' 

+ (hi  + h0)  sin  [arc  cos  - - ~ ^ - y 


' B0d0  - (h'  + h'0>|, 


(1?) 


represents  tin;  axial  displacement  for  one  bearing. 


n 


j 


••'1 


m 


If  the  axial  displacement  AS  is  a known  quantity  obtained  by  mea- 
surement, and  the  bearing  geometry  is  defined,  then  Eq.  (15)  contains  two 
unknowns,  hi  and  ho*  Hence  an  equation  is  needed  relating  h(  to  ho. 

Considering  for  the  present  only  the  contacts  at  the  inner  race  of  the 
bearing  and  applying  Eq.  (8)  and  the  definitions  for  G and  Uf 


0.73 


Hi  = 


ii 


(anE) 


1.18 


W, 


0.09 


ei 


0.  73 


(16) 


f 


Now  for  a given  bearing  operating  at  a given  speed,  load,  and  tem- 
perature, the  variables  E,  a0,  ^t0,  and  V^.  will  be  constant.  For  that  situa- 
tion Eq.  (16)  may  be  written 


Ri 


0.09  R0„  73 
e;  i 


R?-27 

or  hi  = C — 

w0.09 

ei 


(17) 


whe  re  C 


* 0.73 
1.18  (a0E) 


Applying  Eq.  (10)  to  the  inner  rrce  contacts 


W, 


ei 


ei 

T- 

ERi 


(18) 


where  all  symbols  are  as  previously  defined,  and  the  subscript  "i"  it.  used 
to  denote  the  in„*er  race.  For  the  bearings  used  in  the  present  program  the 
semiwidth  of  the  major  axis  of  the  contact  ellipse  at  the  ball-inner  race  con- 
tacts is  given  by 


{ 1 


= 0. 16467  P 


1/3 


(19) 


where  a.{  = mm,  P = Newtons.  Substituting  Eq.  (19)  into  Eq.  (18) 


W, 


ei 


4. 55456 


:/ 3 


* 

ER; 


or,  at  constant  load 


wei  = CX 


4. 55456 
Ri 


(20) 


where  Cl  = P^3/E.  Now  substituting  Eq.  (20)  into  Eq.  (17) 


0.  27 


hi  = C 


Ri 


4. 55456'°* 09 


Cl 


Ri  / 


or 


h'  = 


0.87245  C2  R°*  36 


(21) 


where  C2  = C/C\ 


0.  09 


For  the  bearings  used  in  the  present  study,  Ri  = 7.  03148  mm 
(0.  27603  in.).  With  this  value  substituted  into  Eq.  (21) 

hi  = 1. 76066  Cz  (22) 

Now  the  same  exercise  given  by  Eqs.  (16)  through  (22)  may  be 
repeated  for  the  ball-outer  race  contacts.  The  assumption  is  made  that 
within  a given  bearing  the  temperature  of  the  oil  at  the  conjunction  inlets  of 
the  ball-inner  race  contacts  is  'the  same  as  that  at  the  ball-outer  race  con- 
tacts; then  n o and  aD  will  be  the  same  at  all  contacts  within  the  bearing. 

For  the  bearings  used  in  the  present  study,  the  semiwidth  of  the 
major  axis  of  the  contact  ellipse  at  the  ball-outer  race  contacts  is  given  by 

aQ  = 0,  16178 P1/3  (23) 
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where  a0  = mm,  P = Newtons.  The  equivalent  radius  at  the  ball -outer 
race  contacts  is  R0  = 8.  84352  mm  (0.  34817  in.  ).  Following  the  same 
procedure  as  given  by  Eqs.  (16)  through  (22)  for  the  outer  race  we  obtain 

ho  = 1. 90912  C2  (24) 

Dividing  Eq.  (24)  by  Eq.  (22)  and  rearranging 

h'Q  = 1.08432  ^ (25) 

In  other  words,  due  to  the  better  conformity  at  the  ball-outer  race  contacts, 
the  central- region  EHD  film  thickness  is  about  8 percent  thicker  there  than  at 
the  ball -inner  race  contacts. 

Substituting  Eq.  (25)  into  Eq.  (15) 

Bodp  cos  So  \1 
B0d0  - 2.  08432  hi 


+ 2.  08432  hj  sin  jarc  cos 

l 


■ P.qQq •.SSl.Po.. 


B0d0  - 2.  08432  hi 


(26) 


AS  = Bodr 


sin  0o  - sin  j^arc  cos 


The  axial  displacement  AS  given  by  Eq.  (26)  is  for  a single  bearing. 
Since  there  are  two  bearings  in  each  of  the  test  rigs  used  in  Task  II  and 
Task  III,  the  total  axial  displacement,  ALy,  measured  by  the  LVDT  system 
is  the  sum  of  the  displacements  of  the  forward  and  aft  bearings.  That  is 


ALy  - ASaft  + ASfwd 


(27) 


where  ASL^j.  - contribution  of  aft  bearing  to  total  axial  displacement 

ASfu,d  = contribution  of  forward  be'  ing  ~o  total  axial  displacement 


Now  applying  Eq.  (26)  to  the  ball-inner  race  contacts  of  both  bear 
ings  and  substituting  into  Eq.  (27) 
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ALy 


- B0d0 


sin  $0  - sin  arc  cos 


B0d0  cos  ftp  \ 
B0d0  - 2.  08432  hi  (aft) 


+ 2.  08432  hi  (a£t)  sin 


Bp  dp  cos  flQ 


arc  cos  i — « — *r 

B0d0  - 2.  08432  h' 


i ( axt ) | 


+ Bodo 


sin  #0  - sin 


arc  cos 


Bodo  C0S  flo 


B0d0  - 2.  08432  hi  (fwd) 


+ 2.  08432  hi  (fwd)  sin 


arc  cos 


Bpdp  cos  )3p 


Bodo  - 2.  08432  hi  (fwd) 


(28) 


In  most  cases  the  two  bearings  in  a given  test  rig  do  not  operate  at 
the  same  temperature,  and  bearing  temperature  affects  lubricant  viscosity 
and  pressure  viscosity  coefficient  hence  EHD  film  thickness.  Thus  in 
general  hi  (aft)#  hi  (fwd)  and  some  analytical  scheme  must  be  employed  to 
relate  hi  (aft)  to  *4  (fwd). 

Returning  to  Eq.  ( 1 6 ),  for  the  two  given  bearings  operating  a|, con- 
stant speed  and  load,  the  variables  Wei  and  Vt  are  constant.  Since  E and  Ri 
are  also  constant,  Eq.  (16)  may  be  written 


hi  = c3  (a0M0) 


0.73 


whe  re  C 3 = 1,18 


rO.  27  yt0.  73 


W, 


0.  09 


ei 


(29) 


Applying  Eq.  (29)  to  the  ball-inner  race  contacts  of  the  forward  and 
aft  bearings 

, 0.  73 

^i(aft)  = ^3  (^oMoWt  (20) 

hi (fwd)  = c3  (aoMo)fwd3  (31) 

Dividing  Eq.  (31)  by  Eq.  (30)  and  rearranging 
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hi(fwd)  “ ^ hi  (aft) 


(32) 


whe  re  ^ - 


(QkiMo)fwd 

(AoMo)aft 


0.  73 


Now  Eq.  (32)  may  be  substituted  into  Eq.  (28)  to  yield 


ALy  = B0d0< 


sin  f30  - sin 


sin  - sin 


arc  cos 


B0do  cos  g0 


n 


Bpdo  - 2,  08432  hi  (aft )i 


arc  cos 


1 

odp  cos  ftp  \1  1 

9 AQ/nO  !<  V,'  / . r.  \ / 


Bpdp  - 2.  08432  hi  (aft) 


+ 2.08432  ./hi  (aft)  sin  jarc  cos  I BqcIq  cos  ftp 1. 

^ 1 j L \B0d0  - 2.  08432  hi  (aft)J  J 


4j  (aft)  sin 


arc  cos 


B^dp  cos  ftp. 


- 2,  08432  \\t  hi  (aft)j 


(33) 


For  each  set  of  operating  conditions,  the  value  of  the  temperature  cor- 
rection factor  can  be  determined  using  the  measured  bearing  temperatures 
to  evaluate  do  and  Mo  for  the  forward  and  aft  bearings.  Then  with  the  mea- 
sured value  of  ALy,  and  the  known  geometric  quantities  B0,  dD,  and  ft0  for  the 
bearings,  Eq.  (33)  can  be  solved  iteratively  for  hi(aft)>  the  EHD  film  thickness 
at  the  ball-inner  race  contacts  of  the  aft  bearing.  Once  hi(aft)  has  been  calcu- 
lated, then  hi(fwd)>  ho(aft)»  and  ho(fwd)  can  be  calculated  using  Eqs.  (25) 
and  (32) 

3.  System  of  Equations  Relating  Minimum  EKD  Film  Thickness 

to  Bearing  Displacement 

The  development  of  the  following  system  of  equations  relating  mini- 
mum EHD  film  thickness  to  bearing  displacement  follows  a line  of  reasoning 
identical  to  that  given  above  for  relating  central -region  EHD  film  thickness 
to  bearing  displacement.  Consequently,  for  the  sake  of  brevity,  the  develop- 
ment of  the  system  equations  will  not  be  presented  here  in  great  detail.  The 
development  begins  by  assuming  that  the  measured  axial  displacement  is  doe 
to  the  minimum  EHD  film  thickness,  then  similar  to  Fq.  (14)  we  write 


Ad  = hi  + hD 


(34) 
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where  hi 


minimum  EHD  film  thickness  at  ball-inner  race  contacts 


h0  = minimum  EHD  film  thickness  at  ball-outer  race  contacts 

Then  an  equation  identical  to  Eq.  (1  5)  results  except  that  hi  and  ho  are 
replaced  by  hi  and  h0  respectively. 

Instead  of  Eq.  (8)  we  use  Eq.  (9)  to  obtain 


* 

(a0E) 


0.  54 


1.63 


MoVt 

* 

ER; 


W, 


0.  13 


ei 


0.  70 


(35) 


From  this  point  an  identical  line  of  reasoning  yields 

hD  = 1.10109  hi  (36) 

which  may  be  compared  with  Eq.  (2  5).  That  is,  the  minimum  EHD  film 
thickness  at  the  ball-outer  race  contacts  is  about  10  percent  thicker  than  at 
the  ball-inner  race  contacts. 

Continuing  the  development  it  is  found  that 

hi  (fwd)  = £ hi  (aft)  (37) 


whe  re  £,  = 

ao  (fwd) ' 

0.  54 

[Mo  (fwd) 

0.  70  a 

l°*o(aft)  J 

iMo(aft) 

The  key  equation  which  follows  is 


ALy  = B0d0  sin  j90  - sin 


arc  cos 


J ;do  co8  fto 

Bodo  “ 2 . 1 01 09  hi  (aft). 


+ sin  /So  - sin 


arc  cos 


Bpdn  cos  flo 


B0d0  - 2. 101 09  t,  hi  (aft)j 
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